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Abstract 
This project was instigated to examine the effectiveness of antimicrobial toxin genes for 
the increase of crop plant resistance to pathogen infection. The diseases that are the 
ultimate targets for control are Verticil/ium (Verticillium dahliae) and Fusarium (Fusarium 
oxysporum pv vasinfectum) wilts of cotton. These are root invading, vascular colonising 
pathogens that cause significant economic losses each year. 
By expressing proteinacious antimicrobial toxins in transgenic plants it was hoped to 
increase the constitutive defence of plants against pathogen infection. The two genes that 
were examined in this study were the wheat endosperm beta-purothionin (f3pth) gene and 
the Arabidopsis lipid transfer gene 1 (AL TP1 ). This combination was chosen because of 
the toxicity of both proteins and reports that th ion ins and L TP's act synergistically in vitro 
to kill microbes. 
The thionins are a family of small protein toxins found in a number of plant families that 
have remarkably similar tertiary structure. The one of the most toxic of the whole family is 
f3pth with an ability to control pathogen growth completely at low µg/ml concentrations. 
Lipid transfer proteins are a group of proteins that have little sequence similarity but are 
able to bind and transfer a number of phospholipids from a donor to an acceptor 
membrane. The biological role of both of thionins and L TP's is being debated, but it is 
likely that both are involved in the constitutive defence of plants against pathogen attack. 
At the start of this project the f3pth gene had not been cloned. To clone f3pth, a cloned 
PCR product was used to screen a wheat endosperm cDNA library and the non f3pth 
cDNA's were eliminated through a restriction enzyme polymorphism. Transgenic tobacco 
plants expressing f3pth and AL TP1 were generated and characterised. The production of 
f3pth plants occurred too late to be useful in the testing of the transgenic plants for 
pathogen resistance and plants expressing the closely related beta-hordothionin (f3hth), 
from barley, were used instead. The transformation of tobacco with f3hth was done by 
Julia Charity (1996) and jointly characterised for protein expression. 
Transgenic plant resistance to pathogen infection was performed using the tobacco 
pathogen Pseudomonas solanacearum, this is a virulent pathogen of many crops and was 
chosen because, like the fungal wilts of cotton, it is a vascular colonising pathogen. The 
highest expressing homozygous L TP expressing line (1.10) showed a 40o/o decrease in 
the number of infected plants relative to control plants, while the highest expressing f3hth 
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line showed a 20°10 decrease in infection rate in one trial. In one experiment that 
unfortunately had a low total rate of infection, plants heterozygous for both AL TP1 and 
~hth showed a 37°10 decrease in the number of infected plants relative to the controls. 
Plants heterozygous for either transgene alone in the same experiment showed no 
difference from the control population, indicating that the two proteins do interact and that 
this interaction may be synergistic. 
Beta-purothionin was purified from wheat flour to test the sensitivity of Australian isolates 
of V. dahliae and P. solanacearum and to carry out biophysical measurements on the 
mode of action of this toxin. A simple and rapid purification procedure was developed that 
allowed the preparation of active ~pth of over 99°10 purity. The final preparation was active 
against both pathogens, with P. solanacearum requiring a significantly greater 
concentration of ~pth to control growth than V. dahliae. 
The mode of action of thionins is still a matter for some debate, many workers have 
measured potentially toxic modes of action, but no single cause has been proposed as the 
cause of these many effects. Data is presented that shows that the thionins form cation 
selective ion permeable pores through lipid bilayers. This observation can explain most of 
the observed effects of thionin application to cells. 
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General Introduction 
1.1 Introduction 
Despite growing in a medium rich in potentially pathogenic organisms, plants experience 
relatively few truly pathogenic infections. Plants are capable of defending themselves 
against most infections by a combination of constitutive and inducible defences that form 
physical and chemical barriers to pathogen entry and establishment. Only when these 
defences prove inadequate is pathogenesis observed. The focus of this research is on the 
biotechnological approach to plant improvement with the long term objective of increasing 
tolerance of important crops , such as cotton, to pathogen infection. While the primary 
target is the interaction of cotton with its main pathogen Verticillium dahliae (Kleb) the 
interaction of tobacco and a tobacco pathogen were used as a model system. 
1.1.1 General scope, aims and principles 
Australia's Cotton industry has been established over approximately 300,000ha in 
Northern NSW and Southern Queensland and earns over a billion dollars annually in 
exports for Australia. It is an intensively managed crop with a long history of computer 
based pest management and decision support systems. While this has resulted in 
Australian cotton growers being ranked as one of the most efficient producers of cotton in 
the world, it has created an environment conducive to the development and spread of 
potentially crippling fungal diseases for which there are few management solutions. 
Verticillium and Fusarium wilt { Vertici/lium dahliae (Kleb) and Fusarium oxysporum 
respectively} are two diseases which can seriously affect cotton and for which there are 
neither economic means of chemical control nor any truly resistant cotton varieties 
currently available. Two current commercial varieties, Siokra V15 and Sicala V2, have a 
partial tolerance to the diseases and these lines are being used as the base of a 
conventional resistance breeding program. 
The aim of this project is to find other sources of genes that may prove useful in the 
augmenting via genetic engineering the cotton plant's disease resistance . Many agents, 
both chemical and genetic, have been investigated in the past as potential crop 
protectants, however for this study just two proteinaceous antimicrobial toxins were 
selected for investigation. The genes for these toxins were transforrned into tobacco 
plants, which are being used as a model system because cotton transformation takes over 
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a year to generate suitable transgenic material and the selection of homozygous plant 
lines would be difficult to complete in the time frame of this study. 
To understand how a crop might be protected against pathogens through a genetic 
engineering strategy, it is necessary to understand what defences already exist in a plant 
and how they interact with the potential pathogen. 
1.1.2 Host defence and response 
Four ways that an invading micro-organism can interact with a host plant are: 
1. Host-mycorrhyzal association, where the invading organism proves beneficial 
to the host and is not destroyed. This is an important interaction in cotton 
growth due to the association with the Vesicular Arbuscular mycorrhizal 
(VAM) which help cotton access inorganic nutrients from the heavy clay soils 
in which cotton is grown in Australia. 
2. Non-host, where the invading organism are incompatible and either the 
existing defences are adequate to prevent infection or the pathogen does not 
receive the correct signal to colonise the plant. This is not a clear association 
as some pathogenic fungi can multiply in a 'non-host' without causing 
pathogenicity. 
3. Host-incompatible reaction, where the potential pathogen is initially able to 
colonise the host. Invasion induces secondary responses that destroy the 
invader and/or host cells e.g. Samson NN tobacco infected with Tobacco 
Mosaic Virus (TMV). 
4. Host compatible reaction, where the host defences prove inadequate and the 
induced defences are too late to prevent infection (Adapted from Linthorst 
1991 ). 
The first two of the above are unlikely to be a problem in the field for the crop as they are 
either beneficial or have no impact for the crop. The third is the classical gene for gene 
response that is the domain of conventional breeding techniques. The integration of new 
resistance genes in wheat has been very successful, but because of the specificity of the 
host pathogen interaction is just keeping pace with the natural development of new 
pathogenic races that circumvent the host defence response. A comparison between the 
third and fourth interactions should however, give a useful insight into how we might 
improve the plant's response to pathogen infection. A brief description of the life cycle and 
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epidemiology of Verticil/ium will precede the description of the cotton-Vertici/lium 
interaction. The tobacco pathogen Pseudomonas solanacearum is also described as this 
pathogen was chosen as the model organism to test the resistance of transgenic tobacco 
plants to pathogen infection. 
1.1.3 Verticillium dahliae (Kleb) 
Verticillium dah/iae is a member of the group Fungi lmperfecti. This is an amorphous 
group comprising the imperfect forms of several fungal types. V. dah/iae was first isolated 
from Dahlia's and it is from this that the fungus derives its name. The other members of 
the genus include V. albo-atrum, V. tricorpus, V. nubilum and V. nigrescens (Schnathorst 
1981 ). The most damaging pathogens are V. dahliae and V. albo-atrum. These two fungi 
are responsible for considerable economic losses on potatoes, strawberries, apricots, 
tomatoes, dahlias and cotton. 
Verticillium dahliae is a soil born fungus, with only a limited ability to grow saprophytically 
in the soil, and invades plants through their roots (Schnathorst 1981 ). It is the damage 
caused as the plant vascular system is colonised that causes the major symptom, wilting. 
It has a number of features that makes it a difficult disease to control just by altering 
farming practices. Many hosts for V. dah/iae exist within which the fungus can infect and 
multiple, yet not be pathogenic. Resting structures, microsclerotia, are produced and are 
capable of surviving long periods in soil, allowing an accumulation of inoculum. 
Conidia are small haploid structures that are transported through the plant's vascular 
system and are responsible for the spread of infection systemically through the host. 
These propagules germinate within 24hrs of formation and grow around the sieve plates in 
the plant's vascular system. Blockages in the vascular system are bypassed through the 
growth of fungal hyphae around the constriction and the infection is spread rapidly by 
conidia release on the other side. This allows the rapid spread of fungal infection from the 
roots through the entire plant. Conidia are unable to survive even short exposure to 
desiccation and never accumulate in the soil. 
Current methods of control of Verticil/ium are based on chemical treatments of the soil, 
methyl bromide or formaldehyde being the most common (Maharshak et al 1994) in 
strawberry production. These agents are soil sterilents and destroy all soil life. In some 
cases this has led to an increase in symptoms in following years because a Verticillium 
antagonist has also been destroyed (Bell 1992). Such control is not environmentally sound 
as the ecological burden of these chemicals is high. 
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1.1.3.1 The Cotton!Verticillium interaction 
Several different races of Verticil/ium occur world-wide which vary in their mating type and 
the symptoms they cause. Races are defined by their ability to mate with standard albino 
vegetative strains, the groupings being assigned according to the races with which it is 
capable of restoring colour. The most severe strain, P1, which causes plant death shortly 
after infection is not found in Australia (Bell 1992). The major races in Australia are the 
milder wilting strains. The economic damage caused by these strains is still considerable; 
it is estimated that 90o/o of all cotton growing areas are infected, causing up to 30°/o yield 
loss in bad years when climatic conditions favour disease. With an annual $2 billion dollar 
industry, this monetary loss is substantial. 
The inoculum infecting the plants comes from the germination of microsclerotia left in 
cotton trash after previous successful invasions. As a cotton root comes into proximity 
(<2mm) to a microsclerotium, the cotton root exudate induces germination and growth of 
the fungus. The fungus then penetrates through the root tip (cap to hairs) and grows 
through the cortex and into the vascular bundle and from there it enters the xylem vessels . 
Once in the xylem, it rapidly infects all the plant as conidia are carried by the vascular 
flow. Wilting is caused by the xylem being clogged with mycelia and a host derived 
polysaccharide, tylose (Bell 1992). 
A cotton plant infected with Vertici/lium does not always show symptoms for the entire 
season; rather the infection is dependent on environmental conditions. At elevated soil 
temperatures, >30° C, Verticillium symptoms disappear and infection ends. The level of 
the temperature effect varies depending on the strain and is the major cause of the year to 
year variability in the severity of Vertici/lium attacks. 
1.1.4 Pseudomonas solanacearum (Bacterial wilt) 
Pseudomonads are one of the most damaging groups of bacterial pathogens world-wide ; 
hosts include insects, mammals and plants. Plant pathogens include Pseudomonas 
syringae and P. so/anacearum, both of which are pathogens with wide host ranges that 
include many important crops. Many different species of plants are attacked by P. 
so/anacearum; in a recent review it was rated as second only to Agrobacterium 
tumefaciens as the bacterial pathogen with the widest host range (Hayward 1994). While 
the host plants are generally dicotyledonous there are several monocotyledonous hosts. It 
is an important, if localised, pathogen of potatoes, tomatoes and tobacco. It is soil borne 
1.4 
and the reproducing bacteria clog the vascular system, causing water deficit and thus 
plant wilting and eventual plant death. 
During storage or growth in p/anta, mutants appear that are non pathogenic and lack key 
features of the pathogenic forms (Hayward 1994). How this transition was controlled and 
what were the evolutionary consequences of such a strategy has been debated for many 
years. The formation of non pathogenic forms would lead one to think that the bacterial 
population would gradually all convert to the non pathogenic form and thus any infection 
would be self limiting. As this bacterium has continued to produce pathogenic infections 
over many years the debate as to the functionality of these mutants goes on. 
Once pathogenicity is lost, it is does not revert to the pathogenic form in the laboratory 
and this change has been mapped to a megaplasmid (Holloway, Bowen and Kerr 1985). 
Pathogenic forms secrete large amounts of extracellular polysaccharide (EPS) as well as 
lipopolysaccharide. It has been argued that it was the EPS that determined pathogenicity. 
Recently it has been shown that two genes are responsible for the control of the non 
pathogenic state and these code for transcription factors that regulate a number of other 
genes including those that produce EPS and lipopolysaccharide. 
Infection of plant material is initially made by a pathogenically competent bacterium. 
Plants infected with this pathogen die quickly and in severe infections nearly all the plant 
dry matter may be metabolised by the bacterium. Bacteria isolated from infected plants 
are not all pathogenic, in the later stages of infection non pathogenic forms may 
predominate over the pathogenic forms. 
1.1.5 Cotton infection: What goes wrong? 
1.1.5.1 Infection site 
Verticillium infects through the root tip and is unable to pathogenically colonise other areas 
of the root. As the vascular bundle differentiates, a large amount of tannin is deposited 
within the endodermis. Tannins are effective phytoalexins and this deposition prevents the 
invasion of the vascular bundle in all areas that have the deposition. This explains the site 
of infection in terms of the existing defences of the cotton plant (A. Bell pers comm). 
Plant biomass and the yield of fibre, have been shown to be positively correlated with the 
extent of infection by beneficial mycorrhizal fungi (Nehl and Brown 1994). It is thus unlikely 
that Cotton would have a severe first line of general defence against fungal infection as 
this would limit the extent of colonisation of beneficials. Cotton does not have a strict 
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association with any single mycorrhyzal fungus; instead it has an adventitious association 
with the vesicular arbuscular mycorrhyzal (VAM) group. It must rather rely on induced 
defences and protection of the critical areas e.g. vascular bundles, which leaves the plant 
liable to infection through the newest growth areas. 
1.1.5.2 Responses to infection 
Plants are capable of recognising when pathogenic infections have occurred (Bowles 
1990). A number of genes are then altered in their expression pattern (Linthorst 1991 ). 
This change is known as the defence response and the proteins that are up regulated are 
split into two groups. The pathogenesis related proteins, PR 1- 5, are proteins with several 
functions. Some are hydrolytic, e.g. glucanases PR-2 and chitinases PR-3, and the 
remainder have so far eluded an explanation of function. Some workers include a greater 
range of proteins in this response termed 'defence related proteins' a group that includes 
enzymes involved in phytoalexin synthesis, thionins, proteinase inhibitors, peroxidases 
and cell wall modifying enzymes (Bowles 1990). This list is much larger and contains 
many proteins that are primary defences against pathogen attack. 
During the infection of cotton with Verticil/ium this general system does not work in the 
classic sense. It can be shown in tobacco that all PR groups are up regulated very quickly 
after infection (Linthorst 1991 ). A hypersensitive response then occurs resulting in the 
isolation of the pathogen within a group of dead cells. The surrounding cells have heavily 
modified cell walls and are resistant to further infection. The defence related changes in 
gene expression result in the alterations in the cell walls and the much increased 
phytoalexin content of the plant. Cotton ( G. hirsutum ) is capable of recognising the 
infection of Verlicil/ium. Unfortunately the classic tobacco hypersensitive response does 
not ensue. A number of workers have shown that G. barbadense, a close relative of G. 
hirsutum, is resistant to Verticillium and that this resistance is correlated with a quicker 
defence response. The G. hirsutum cottons take -48hr to change the levels of defence 
proteins, while G. barbadense takes -24hr. It has been shown that glucanase activity is 
not induced upon infection by Verticil/ium; however chitinase activity does increase after 
infection with a lag time compared to the rate of infection. Infection is self sustaining in G. 
hirsutum because conidia are capable of germinating, growing and producing more 
conidia in under 48h (Schnathorst 1981 ). Cotton synthesises a variety of toxic 
phytoalexins, the chief ones being gossypols and tannins. The gossypols are cyclic 
aromatic compounds produced by a multi enzyme pathway (Mace, Stipanovic and Bell 
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1990). Their IC50's are in the low µg/ml and are abundant in some plant tissues, 
particularly the boll. Their concentration is depressed in Verticillium infected plants. Some 
members of the gossypol family are more toxic to fungi than others and some attempts at 
manipulating these pathways are being made (Mace, Stipanovic and Bell 1990). The 
tannins are products of the phenylpropanoid pathway that polymerise and are stored in 
the vacuole. They are toxic to fungi and their role in infection has already been discussed. 
The above discussion shows that a cotton plant's ability to resist infection by Vertici/lium is 
inadequate. What can be done to improve or replace this innate response with a more 
effective strategy is the topic in the next section. 
1.2 Potential sources of plant defence complementation 
A quick literature search will reveal a very large number of antifungal agents. Many of 
these are xenobiotic chemicals and are thus not useful in genetic improvement. The ideal 
antifungal agent, for the purposes of genetic engineering is: 
1. A single monomeric or homo polymeric protein with a low IC50 for 
important pathogenic fungi. The more active the protein the lower the level 
of expression required to have the desired effect. If large numbers of genes 
need to be added to get resistance this makes manipulation and 
transformation more difficult and the analysis becomes very difficult. 
2. Relatively small to aid in manipulation because large genes can be 
cumbersome to manipulate. 
3. Relatively stable to the environment, to prevent loss of activity under non 
optimal conditions. 
4. Targeted to the extracellular space which is an advantage because the first 
point of contact with the pathogen is always the cell wall. 
Such a wish list would be difficult to fulfil, though a large range of proteinacious antifungal 
agents with potential utility are already known. These can be divided into four general 
categories: 
1. PR proteins. This group has been intensively studied over the many years, with 
interest focused mainly on the chitinases and glucanases. Transgenic plants with these 
genes have so far not produced any usable resistant plants (Linthorst et al 1989). It 
appears that more than a single protein is required to mediate resistance with these types 
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of proteins, some reports suggesting that up to five of the different PR proteins may be 
required for resistance. 
2. RI P's . These are ribosomal inactivating proteins, which cause cell death by 
inactivating ribosomes, thus preventing protein synthesis. The classic RIP is Ricin, an 
enzyme which catalyses the N-glycosidic cleavage of a specific adenine residue on 28s 
ribosomal RNA. The native protein is only toxic to mammalian cells because it is 
covalently attached to a lectin that allows cell binding and entry into the cytoplasm. Ricin 
will attack all ribosomes, which makes it difficult to express the active form in the 
cytoplasm of a cell as it will inactivate the ribosomes found there. There is a type of RIP 
recently isolated that has some specificity for non self ribosomes (Leah et al 1991 ). 
Heterologous expression of this RIP poses the same problem as ricin; in a foreign plant all 
ribosomes are non-self and would be attacked. This can be solved by extracellular 
targeting, but this still leaves the problem of the RIP gaining entry into the target cell. 
3. Chemical defences e.g. gossypol. While these chemical defences are effective in 
vitro they pose a real problem for molecular biology. These chemicals are the product of 
long metabolic pathways, of which the regulation is only partially known (Bell et al 
1994). To increase the defence in this way may require the entire pathway to be added to 
the target organism. It is then difficult to predict the result because of the lack of 
knowledge of pathway regulation and effects on metabolite pools. 
4. Basic amphipathic antimicrobial proteins. This is a large group of proteins with 
examples coming from many aerobic organisms. They are toxic to a wide range of cell 
types and it is this group that has been focused on in this study. 
1.2.1 Basic amphipathic proteins 
This is a group of proteins placed together simply because they share two characteristics. 
One is that they have an overall net positive charge and the second is that they are 
amphipathic. Amphipathicity is the asymmetric distribution of hydrophilic and hydrophobic 
amino acids such that the hydrophobic and hydrophilic amino acids are on opposite sides 
of the protein. They are found in many organisms including humans, frogs, insects, fungi, 
plants and bacteria (Redman and Fisher 1969, Terras et al 1992, Westerhoff et al 1989, 
Bruno, Kaiser, and Montville 1992, Young et al 1986). This apparently wide distribution 
could lead to the expectation that they would share homology and perhaps a common 
mode of action. Only proteins from closely related species have been found to share any 
sequence homology and very little is agreed upon as a mode of action (Leher 1993). 
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These sequences are highly divergent and the mode of action of many of these proteins is 
unknown (Florack and Stiekema 1994 ). 
At the start of this project, a search was performed and eventually two candidates 
appeared promising for future work. The first was wheat beta-purothionin (~pth) 
(Hernandez-Lucas et al 1986) and the second was the Arabidopsis lipid transfer protein 
a1 (AL TP1) (Segura, Moreno and Garcia-Olmedo 1993). 
1.2.2 Thionins 
The thionins are a group of proteins that are found in a number of plant genera (Garcia-
Olmedo et al 1989). To date they have been found in cereals , mistletoes, and crucifers 
and distantly related proteins are found in a number of other families (Daley and Theriot 
1987). They are 45-48 amino acids long and possess either three or four disulphide 
bridges depending upon the source. Five general classes have been described and they 
are separated according to size, number of disulphides, and tissue localisation (Garcia-
Olmedo et al 1989). Crambin is the only known non toxic type. 
There are relatively few amino acids that are absolutely conserved among thionin family 
members (figure 1.1, Garcia-Olmedo et al 1989) and this indicates that the functionality of 
the thionins is not critically related to the sequence. The disulfides are all in conserved 
positions, the viscotoxins have three disulphides in conserved positions relative to the 
thionins. The residues immediately adjacent to the cysteines are more likely to be 
conserved than others further away. Treatment of thionins with reducing agent destroys 
the antimicrobial activity of the proteins. Thus the cysteines and the bridges that they form 
are crucial to the functionality of the toxin. 
In cereals there are three forms of the thionins, the leaf (type II) and seed (types I and V) 
specific (Garcia-Olmedo et al 1989). It was first noted by Gausing (1987) that an abundant 
transcript in etiolated barley leaf mRNA disappeared shortly after illumination. After 
cloning the 084 transcript was found to be a thionin like molecule with - 70°/o sequence 
similarity to the endosperm specific thionins. The greatest amount of data about thionins 
and possible interactions with pathogens in a defence response is known from the leaf 
specific types (Apel, Bohlmann and Reimann-Philipp 1990). 
Endosperm specific thionins have been known for a long time and have been purified to 
apparent homogeneity by several workers (Redman and Fisher 1969, Ozaki et al 1980, 
Molina et al 1993). They have been shown to have antibacterial and antifungal properties 
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to a wide range of organisms including phytopathogens (Molina et al 1993). Both the leaf 
and endosperm types also share a common gene structure with two intrans in conserved 
positions. Thionin cDNA's are much longer than required for the final protein, an 
endoplasmic reticulum leader peptide and a vacuolar targeting signal are both cleaved off 
during the maturation process (Ponz et al 1983). Currently no one has purified the leaf 
thionins to homogeneity. Thus all the toxicological data, on this class, has been tested 
with an impure mixture of types. They are toxic to a wide range of fungi and bacteria 
(Bohlmann et al 1988) and this has led to the proposal that they are involved in the 
defence response of cereals. This is backed by the observation that the transcripts are 
induced by pathogen infection and that they are deposited preferentially in the path of 
advancing fungal haustoria in incompatible responses (Bohlman et al 1988) However the 
thionin genes do not map to any currently known resistance locus (Garcia-Olmedo et al 
1989). 
Many workers have carried out experiments to determine the mode of toxicity of the 
thionins (Florack and Stiekema 1994). From these experimental data no single mode of 
action is apparent to help clarify this situation though some work has been done with 
purified thionin to attempt to unravel the mode of action quandary. 
Crambin has been used to argue that thionins are merely seed storage proteins that 
happen to have antifungal activity (Teeter, Mazer and L'ltalien 1993). However there are 
two critical pieces of evidence that refute this possibility. The first is that the radish 
equivalent of Thionin AFP is secreted during germination where it reduces fungal attack in 
the germinating plant (Terras et al 1995). The second is that the barley leaf specific 
thionins are up regulated in response to pathogen attack and are preferentially deposited 
in close proximity to the advancing hyphal tip (Ebrahim-Nesbat et al 1989). 
These proteins are about 10-1000 fold more active, in molar terms, than the most active 
selective chemical fungicides. The most active member of the thionins, f3pth, has an ICSO 
to Verticillium of just O.Sµg/ml (Cammue et al 1992). This range is low enough for levels of 
expression expected in transgenic plants to prove effective in disease prevention. 
1.2.3 Lipid transfer proteins 
Non specific lipid transfer proteins (L TP's) comprise another group of plant proteins, which 
have been isolated from seeds and leaves of plants but not detected from the roots 
(Gausing 1994). Mammalian L TP's are cytoplasmic carrier proteins that are responsible 
for the transport of lipid within a cell and they have defined binding specificity's. All plant 
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L TP's tested for antifungal activity have proved to be positively antifungal. Like the 
thionins, they comprise a very diverse group of sequences (Kader 1996). 
Membership of this class is assigned on the basis of the ability to transfer lipid from donor 
to acceptor membranes. Some confusion of classification has resulted previously from 
erroneous sequence homology to other proteins (Mundy and Rogers 1986). Normally 
double labelling of liposomes with two lipids is used to separate liposome fusion with the 
acceptor membrane and actual lipid transfer. In this assay, the rates of transfer with plant 
L TP's are slow and, at equilibrium, only a few percent of the lipid is transferred (Moreau et 
al 1988) and a functional role in lipid transfer is dubious. Their ability to transfer lipid is 
presumably a by-product of their unique structural properties including their 
amphipathicity. 
The major reason for using a member from this group is the reported synergy between 
these proteins and thionins in killing fungi. By themselves L TP's have an IC50 for 
Verticil/ium of -20µg/ml, but at a concentration of combined thionin and L TP that would 
separately inhibit just 10°/o in hyphal growth, 100 °/o inhibition is observed (Terras et al 
1992). Perhaps more importantly, the inhibition of toxicity, of both proteins, by divalent 
cations has reportedly been overcome in these mixing experiments. This might be 
important in the highly alkaline, cation rich soils of the cotton growing areas of Australia if 
these genes prove useful in transgenic cotton plants. 
Physically the L TP's are 91-95 residues long, have 4 disulphide bridges and have a basic 
isoelectric point of approximately 9. They are stable to heat, changes in pH and detergent, 
however reduction of the disulphide linkages results in a loss of transfer activity (Kader 
1996). Much of the tertiary structure is amphipathic alpha helices, with a 4 helix bundle 
forming the lipid binding pocket (Simorre et al 1991 ). 
The mechanism of lipid transfer has yet to be established, preliminary results indicating 
that the mechanism is not similar to that of mammalian types. No complex in which the 
protein is attached to the membrane has been isolated, though the interference of lipid 
transfer and toxicity by divalent cations indicates that electrostatic forces are important. It 
is unusual that plant L TP's, in contrast to mammalian L TP's, are able to bind more than 
one class of lipid, acyl-CoA and fatty acids. Initially it was thought that these proteins 
exchanged lipid from one membrane to another via a one for one exchange. Further work 
shows that the exchange is asymmetric and results in the net accumulation of lipid in one 
membrane at the expense of the other (Kader 1996). 
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Purification of L TP's is normally a straightforward task. Some have been prepared from 
protein extracts from cell wall material (Segura, Moreno and Garcia-Olmedo 1993), wheat 
flour (Neumann et al 1993) and another from an organic extract of the waxy cuticle (Pyee, 
Yu and Kolattukudy 1994). All L TP's are soluble in organic solvents in the presence of 
lipid and wheat and barley endosperm variants have been purified from 
chloroform/methanol extracts of flour. Under these extraction protocols L TP's are still 
active, analysis of their secondary structure indicates, that like the thionins, they are 
amphipathic and this property may enable them to survive the non polar organic solvents 
when lipid is bound. This is similar to the thionins which are extractable in organic 
solvents, but their solubility is limited by the available lipid which increases the 
hydrophobicity of the protein (Garcia-Olmedo et al 1989) and allows solubilisation. 
The biological role for L TP's is uncertain. Most work has been carried out on leaf specific 
forms of the proteins (Thoma et al 1994). So far only the AL TP1 transcript has been 
analysed via in situ hybridisation to examine cellular localisation. The pattern of gene 
expression is unusual, in that it is virtually confined to the epidermis with some expression 
in meristems and fruit exocarp. 
The L TP's are argued to be part of the mechanism to form the cuticle of plants (Kader 
1996). They are secreted outside the cell, sometimes entrapped in the cell wall, and in 
one case found in the cuticle itself (Pyee, Yu and Kolattukudy 1994). All L TP's tested have 
proven to be toxic to pathogenic organisms and the radish L TP is synergistic with not only 
the thionins but with albumins and protease inhibitors as well. While it is difficult to 
absolutely refute the cuticle proposal it would seem rather unusual that a passive carrier 
of lipids would be so toxic to other cell types while being a very poor carrier of lipid. 
The combination of toxicity, synergy, size, and targeting make AL TP1 and ~pth proteins a 
good combination to test for crop improvement. 
1.3 Overview of experimental design 
Chapter 2 presents the molecular biological aspect of the project and the production of 
transgenic plants. Transgenic tobacco plants expressing AL TP1 mRNA were made and 
the highest expressing lines identified. The ~pth gene had not been cloned when this 
project was started and the cDNA for ~pth was isolated from a developing wheat 
endosperm cDNA library using a cloned PCR product as a probe. The ~pth cDNA was 
modified to enable expression in transgenic tobacco plants. These plants were not 
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produced early enough to be used in the testing of pathogen resistance, but plants 
expressing the closely related J3hordothionin (J3hth) produced by Julia Charity (1996) were 
used instead. To test if there was any interaction between the two proteins in planta 
homozygous plants expressing J3hth and AL TP1 were crossed. 
In chapter 3, I present the results of the pathogen infection trials testing the resistance of 
the transgenic plants generated in this study. The test pathogen was P. solanacearum 
which being a root invading bacterial pathogen it shares some similarity to infections with 
V. dah/iae and F. oxysporum. It is a good organism to test pathogen resistance because 
of the severity symptoms in infected plants and the high rates of infection that are 
achievable in growth cabinet trials. 
To better understand and guide the use of the J3pth and AL TP1 for pathogen resistance in 
crop plants attempts were made to purify both proteins (chapter 4) and determine their 
mode of action (chapter 5). Many workers have made measurements on the effects of 
thionin application to cells and a large number of effects on different biological systems 
had been observed but for which no clear mode of action has been established. 
Figure 1.1 
Alignment of three thionin protein sequences 
J3Pth 
Pyr th 
KSCCKSTLGRNCYNLCRARGA-QK-LCANVCRCKLTSGLSCPKDFP-K 
KSCCRNTWARNCYNVCRLPGTISREICAKKCDCKIISGTTCPSDYP-K 
Viscotoxin A3 KSCCPNTTGRNIYNACRLTGA-PRPTCAKLSGCKIISASTCPS-YPDK 
(J3pth: Mak and Jones 1976, Pyr th: Evett, Donaldson and Vernon 1986, Viscotoxin A3: 
Samuelsson, Seger and Olson 1968). 
Alignment of three thionins, J3pth (type I), Pyr thionin (type II) and viscotoxin (type Ill). 
Note that the tyrosine at position 13 is conserved among the three types and that the 
amino acids surrounding it are also conserved. The cysteines are all involved in disulphide 
bridges and are absolutely conserved in type I and 11 thionins, while in type 111 thionins one 
bridge is missing. 
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Cloning and expression of two antifungal genes in transgenic tobacco. 
2.1 Introduction 
Since the development of transformation systems for plants, the technology has been 
applied to a variety of crops in an attempt to improve plant responses to various yield 
reducing challenges such as pathogens, insects and adverse environmental conditions. 
Australia has just seen the first commercial release of a transgenically modified crop with 
the release of cotton plants expressing the Bacillus thuringiensis (Bt) toxin gene. Many 
other crops are being field tested for resistance to biodegradable herbicides, viral 
resistance, other methods of insect resistance, nematode resistance, non natural flower 
colours and improved handling/shelf life characteristics. Transgenic crops are set to make 
a major impact on our agricultural production systems. 
Disease tolerance however remains a difficult challenge for the technology and many 
workers have explored members of the PR (pathogenesis response) proteins (Linthorst et 
al 1989) as a means of augmenting the defence response of plants. In this study it was 
decided to test other types of protein that may improve crop plant resistance to disease. 
Thionins are a class of small basic proteins found in cereal grains that may play dual roles 
as both seed storage proteins and defence agents against microbial infections of 
germinating grains. They are rich in cysteine residues and are highly cross-linked into 
stable tertiary structures that are characterised by amphipathic alpha helices similar to 
those found in many other antimicrobial peptides from bacteria to mammals (See review 
by Garcia-Olmedo et al 1989).Three forms of endosperm thionin have been isolated from 
wheat, alpha-,beta- and gamma-purothionin. The amino acid sequences of all three types 
of purothionin have been determined from purified proteins (Ohtani et al 1977) and 
cDNA's of two forms of alpha-thionin (1 and 2) have been cloned (Castagnaro et al 1994). 
The mature alpha- and beta-purothionins are 90°/o identical in amino acid sequence and 
differ markedly from the gamma-purothionins. Beta purothionin is the most toxic to fungal 
pathogens but no cDNA clones have so far been available for use in transgenic plants. 
This chapter describes the cloning of the gene for l3pth which is a member of a family of 
antifungal proteinaceous toxins, the construction of cassettes for the expression in 
transgenic plants of both l3pth and the Arabidopsis lipid transfer protein 1 (AL TP1) and the 
molecular characterisation of the transformants. To test the interaction of L TP and thionin 
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protective effects, transgenic plant lines expressing either AL TP1 and the barley thionin 
~Hordothionin (Charity 1996) were generated by sexual crosses between transgenic lines. 
2.2 Materials and methods 
2.2.1 Cloning of ~Hordothionin (~hth) fragment 
A PCR approach was used to clone a fragment of ~hth with primers directed to amino acid 
sequences conserved among thionin proteins. The 5' primer was to the region around the 
second ATG within the endoplasmic reticulum targeting signal sequence using the 
sequence of the ~Hordothionin gene isolated from barley by Hernandez-Lucas et al 
(1986). The 3' primer was to the junction of the mature toxin and the putative vacuolar 
targeting signal sequence found at the C terminus of other thionin genes. The 5' primer 
sequence was CTC GGA TCC ACC ATG GTG TGT TTA CTC ATA and the 3' primer CAC 
GCA TGC TIA TTT TGG GAA GCC TIT AGG GCA ACT TAG (see figure 2.1). The PCR 
reaction volume was 15µ1 using 0.4µM final primer concentration, 0.33µM dNTP's, 200ng 
Barley genomic DNA (or 1 µI of gel purified band), 1x Promega Taq buffer, 3mM MgCl2, 
and 2.5 units of Taq DNA polymerase. The PCR program was for 32 cycles consisting of 
1 min@95°C, 1.5min@54°C and 1 min@72°C. 
2.2.1.1 Probe labelling 
Approximately 20µg of plasmid pBRA 12 containing the fragment of ~hth was digested with 
Neal and Sphl and fractionated on a 0.8°/o Agarose gel in 0.5X TBE and the thionin band 
excised into a weighed Eppendorf tube. The amount of cut DNA fragment was calculated 
from the ratio of fragment to vector length and adjusted to 20ng/µI with distilled water. The 
fragment was labelled using a Megaprime (Amersham) kit using adCT32P as the labelling 
nucleotide. The unincorporated label was removed via a spin column made using a 1 ml 
syringe plugged with glass wool and a bed volume of 0.8ml of Sephadex G-50. The 
column was washed with 100 µI of water and centrifuged at 3000 rpm in a benchtop 
centrifuge for 2 min, the labelling reaction was adjusted to 100µ1 and pipetted onto the top 
of the column and centrifuged for the same period. A 1 µI aliquot was removed and spotted 
onto Whatman GFA paper, placed in a scintillation vial with 2ml of scintillant and counted 
in a Minaxi~ 4000 scintillation counter. Approximately 1x106cpm was used per bag as a 
probe. 
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2.2.1.2 cDNA library screening 
The cDNA library screened was a kind gift of Sharon Abrahams. Complete description of 
the construction of the library is found in (Rahman et al 1997). Developing seeds, ten days 
post anthesis, were used for mRNA extraction and the size fractionated reverse 
transcribed RNA ligated into the Lambda vector AZAPII. Several libraries were made 
according to the size of the cDNA, the fraction screened corresponded to a range of insert 
sizes from 400-1 OOObp. 
Only the cDNA library pool corresponding to the expected full length ~pth clone (-700bp) 
was screened. Plaques were lifted by placing nitrocellulose filters (Hybond N) onto plates 
that had been placed at 4°C for 60min and leaving for 1 Omin. Filters were marked for 
orientation denatured, neutralised and UV crosslinked by standard protocols. Filters were 
placed into plastic bags and pre-hybridised at 42°C in buffer containing containing 50o/o 
formamide, 2XSSC, 0.1 °/aSDS, 100 µg/ml salmon sperm DNA and 5X Denhardt's solution 
and then hybridised in the same buffer containing 1x106 cpm of thionin probe per bag. 
Approximately 35,000 plaques were screened in the first round. The positives from the 
first round of screening were subjected to two further rounds of screening, being serially 
diluted to ensure maximum plaque resolution and rescued according to (Promega's) 
protocol using XL 1 Blue cells and x-assist helper phage. 
2.2.2 Vector construction 
The pth11 cDNA was digested with Notl and BamHI and ligated into pBC cut with the 
same enzymes to form pBCTpth11. To make a 35STpth11 Ocs construct, the gus gene in 
pGEM35SGO, was replaced with the Sacll/EcoRI fragment from pBCTpth11. The 
35STpth11 Ocs construct was digested with Nsil and ligated into p7076L\B [pTAB1 O (Tabe 
et al 1995) with the single BamHI site deleted], digested with Pstl , which contains the Bar 
gene conferring resistance to the herbicide BASTA. Figure 2.2 shows this in diagrammatic 
form . 
··I The 35SA1tp135S construct was made by digesting the vector pBCAL TP1 with Xbal and 
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Pstl and ligating into the pDH51 vector cut the same enzymes (see figure 2.3 for cloning 
scheme). The orientation of the insert was checked by digestion with Sphl which released 
the expected 700bp fragment. This construct was digested with Sacl and ligated into the 
vector pGA482. Double resistant Amp and Tet resistant colonies were selected and 
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digested with Clal to determine if the two plasmids had integrated or were co-transformed 
into the bacterial cell. 
The double AMP/TET resistant colonies were selected and checked to ensure that they 
contained either pth11 cDNA or AL TP1 cDNA and one was selected for triparental mating 
with Agrobacterium tumefaciens strain AGL 1 and E. coli RK2013. An equal volume of 
overnight cultures of all three bacterial strains were mixed and then 50µ1 plated on LB 
plates. After overnight incubation at 28°C a loop full of the bacterial milieu was streaked 
onto LB plates containing Rifampicin (50µg/ml) and Tetracyclin (5µg/ml). The plates were 
incubated at 28°C until individual colonies could be identified (2-3 days). Strains were re-
checked after isolation of plasmid DNA and transformation back into E. coli by restriction 
digestion. 
2.2.3 Tobacco transformation 
Tobacco plants were transformed as per the method of Ellis et al (1987). A. tumefaciens 
strain AGLI containing 35Spth11 Ocs was grown in LB medium containing rif50µg/ml and 
tet5µg/ml for 48hrs. Cells were centrifuged and washed twice in liquid MSMedium and 
resuspended in one third volume of liquid MS. Leaf pieces of Nicotiana tabacum cv W38 
were incubated in the bacterial suspension for 1 Omin and then placed on MSO plates for 2 
days. After two days the leaf pieces were washed twice in 200mg/l Cefotaxime and then 
plated onto MS9CB plates containing 500mg/l Cefotaxime and 20mg/l Basta. After two 
weeks the shoot pieces were sub-cultured onto the same media. After a further two weeks 
the shoots were transferred to MSCI plates containing 500mg/l Cefotaxime and 5µg/l 
lndole acetic acid (IAA). Once roots had formed, plants were transferred to pots 
containing MSCB, grown until approximately 50mm high and then transferred to a 
glasshouse and planted in pots containing soil and controlled release fertiliser. 
The transformation of 35SAL TP135S was performed in an identical manner except that 
300mg/l Kanamycin was the selective agent in this case. 
2.2.3.1 Selection of homozygous lines (AL TP1) 
To select for lines homozygous for the AL TP1 gene 12 Kanamycin resistant plants of lines 
1.10, 1.5 and 1.8 were selected and potted into soil; these plants bore the designations 
1.101-12, 1.51-12 and 1.81-12. All plants were allowed to set selfed seed and each 
individual plant's seed was surface sterilised and germinated on MSK media containing 
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300mg/L Kanamycin and lines selected which bred true for the linked Kanamycin 
resistance gene. 
2.2.4 Northern Analysis (AL TP1) 
Four week old seedlings were assayed for nptll activity and 5 positives per line were 
harvested in liquid nitrogen and RNA extracted as per Oolferus et al (1994). A denaturing 
RNA gel was run using 20µg of RNA per lane and the RNA then transferred to 
nitrocellulose membrane (Hybond N Amersham) using the wick method. The membrane 
was prehybridised at 55°C in 50°/o formamide, 250mM Na-P04 buffer pH?.2, 250mM NaCl, 
1mM EOTA, 7%,SOS. 
The RNA probe was made using a Riboprobe kit from Promega with linearised template 
using T?RNA polymerase and rUT32P. The reaction was stopped with 5µ1 of 0.5M EOTA 
and unincorporated nucleotides removed by passage through a SephadexG-50 column 
(as above). All of the probe was used for hybridisation. 
Hybridisation was performed in prehydridisation buffer for 16hrs at 55°C and the 
membrane washed twice in PSE buffer for 15min at room temperature and twice in PES 
buffer for 15min, once at room temperature and once at 55°C. The membrane was then 
rinsed in 2XSSC for 5min and then treated with 200µg RNAase A for 1 Omin at room 
temperature. The membrane was then washed in 0.1 XSSC for 15min at 55°C and placed 
in a Kodak Xray cassette with an intensifying screen at -80°C overnight. After defrosting 
the film was developed in an AGFA X-ray developing machine. The image was then 
scanned to produce a digital image for quantification of transcript levels (see figure 2.4). 
2.2.5 Western analysis 
Plants were harvested into liquid nitrogen or extracted immediately. A small amount of 
sand was added to a mortar and approximately 2g of plant material was added with 10ml 
of water and the mixture ground to a fine paste and transferred to a 50ml Falcon tube. The 
mortar was washed with a further 10ml of water and this was also transferred to the tube, 
••i 2.2ml of 100°/o(w/v) Trichloroacetic acid was added and the tubes were left for 20min at 
I 
4°C. The samples were centrifuged at 2000G for 15 min in a benchtop centrifuge. the 
supernatant was decanted off and replaced with 15ml of -20°C 1: 1 ether:ethanol. The 
samples were shaken to resuspend and centrifuged for 5min at 2000G, this washing was 
repeated three times. The resulting pellets were dried and resuspended in SOS-Page 
buffer (without adding on and marker dye chapter 3) and the protein concentration 
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measured by using the modified SCA protocol (Chapter 3). Once protein loadings were 
determined on was added to 26mM from a 2.6M stock and the samples boiled for 1 Omin 
and then 1/10th volume 20o/o iodoacetamide was added and incubated for 30min at room 
temperature. Approximately 60µg of sample was loaded per lane. 
Denaturing SOS-PAGE gels were run as per Chapter 3, proteins were transferred to 
0.2µm nitrocellulose membrane using the semi dry method of Westermeier (1993a) for 1 hr 
at 20mA. The membrane was then immediately fixed in 0.1 °/o glutaraldehyde for 1 Omin 
and washed twice for 10 min in PSST. The membrane was incubated with a 1/200 dilution 
of rabbit primary anti thionin antibody for 2hrs in PSST. 
2.2.6 Affinity purification of antibodies 
Anti-Thionin antibodies were purified by coupling partially purified thionins to CN-Sr 
activated Sepharose CL-4b beads in 0.1 M bicarbonate buffer pH 8.5. Antibodies were 
applied as a crude serum and applied three times. The column was washed with 20ml of 
PSST and then acid labile antibodies released with 20ml of 0.1 M glycine pH 2.5 in a tube 
containing 2ml of 1 M Tris-Cl pH 8. The column was equilibrated with 40ml of PSST and 
base labile antibodies eluted with 20ml of 0.1 M TEA pH 10.5 into a tube containing 2ml of 
1 M Tris-Cl pH 8. Antibodies were then dialysed extensively against PSST and sodium 
azide was added to 0.01 °/o as a preservative. 
2.2.7 Tobacco crossing 
To test whether synergy exists in planta between AL TP1 and th ion ins crosses were made 
between homozygous plants transformed with AL TP1 (line 1.108 and 1.104) with a line of 
a 1 hordothionin transformed plants. The hordothionin was used because of the long delay 
experienced in constructing a ~pth expression cassette. This plant line was made and 
characterised by Dr Julia Charity and the description of the line is contained in her thesis 
(ANU Botany and Zoology Department 1996). 
Seeds of both the thionin plants and the AL TP plants were sown at the same time. When 
11
,; flowers appeared they were emasculated by removing all 5 anthers before the flower had 
opened. Pollen from an appropriate anther was dabbed on the end of the stigma and the 
flower labelled with the pollen donor. There were three crosses made in two directions 
each, 1.10(8 and 4) with Th.13, 1.10(8 and 4) with W38 and Th.13 with W38. 
2.6 
2.3 Results and Discussion 
2.3.1 Gene cloning and expression cassette formation 
The PCR reaction with the primers in section 2.2.1 (see fig . 2.1 a) generated a 220bp 
product using barley genomic DNA After re-amplification the band was cloned and 
sequenced. The barley thionin product (pBRA 12) was confirmed as a thionin like 
sequence but contained three point mutations which code for amino acids not normally 
representative of thionin protein sequences. These errors presumably were introduced 
during the extension by Taq DNA polymerase, but did not affect the use of the fragment 
as a DNA probe for library screening. 
From the first round screening of the wheat endosperm cDNA library produced 32 
positives were identified and 30 survived the secondary screenings after 2 of the phage 
did not grow. Thionins appear to represent close to 1 in 1000 clones in this fractionated 
library and therefore relatively abundant in wheat endosperm. Plasmids rescued from the 
library screening were characterised by restriction mapping and those corresponding to 
~pth types sequenced by dye-deoxy terminator sequencing using an ABI dye terminator 
kit and following the manufacturer's protocol. A predicted polymorphism would separate 
beta and alpha types near the N-terminus of the mature peptide and should result in the 
lack of a Pstl site in beta type cDNA's (fig 2.1 b) . Clones were digested with Pstl, which 
identified a1 or a2 clones, and the Pst1· clones were digested with Neal, because an Neal 
site is present around the first A TG in full length cDNA's. All three surviving clones were 
full length and to confirm that they were ~pth cDNA's they were sequenced by dye 
terminator sequencing using Applied Biosystem's protocols. The sequence represented is 
from one of the clones pth 11, pth4 had small deletions/insertions which would prevent it 
from being expressed and pth18 is identical to pth11 . 
The full length clone is 673 nucleotides long after removing the cDNA cloning linkers and 
is 95% similar to the a 1 pth cDNA (accession number x70665.em_pl) isolated earlier by 
Castagnaro et al (1994). Alignment of the a1 cDNA with pth11 shows a 595 base pair 
region of homology from -20 to 589 (figure 2.1 ). Translation of t~e open reading frame 
shows identical structure to the a 1 cDNA with the expected leader and acidic peptide 
sequences (Hernandez-Lucas et al 1986) flanking the mature domain of the protein (Mak 
and Jones 1976). The predicted mature domain of the protein shows 100% identity with 
the protein sequence expected of ~pth (Mak and Jones 1976). The mature domain is 
preceded by a presumed endoplasmic reticulum targeting signal of 24 amino acids with 
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the expected basic residue at position 4 and then a long sequence of hydrophobic amino 
acids. The mature domain has a large acidic extension which presumably targets the 
preprotein to the vacuole where it is cleaved off (Ponz et al 1983). Removal of this 
sequence results in the protein being retained in the Endoplasmic Reticulum (Florack et al 
1994). 
In this study I have used the 35S promoter to drive the expression of the transgenes in 
tobacco. This promoter gives good levels of expression in the vascular bundles where 
both V. dahliae and F. oxysporum colonise cotton and P. so/anacearum which infects , 
tobacco. Constitutively expressing an antimicrobial protein toxin in a transgenic plant may 
give an increase in crop plant resistance to infection when inducible defences are 
inadequate. 
Initial attempts to make the 35S expression cassette using symmetric cloning with the Not 
I sites on the cDNA linkers of the ~pth clone produced anti-sense constructs exclusively. 
Presumably this was due to expression of the toxin through a limited recognition of the 
35S promoter in E. coli and all sense constructs were selected against. A directional 
cloning strategy was then used transferring the cDNA between several vectors to obtain 
suitable flanking asymmetric sites (see figure 2.2). 
2.3.2 Plant transformation 
Both AL TP1 and pth11 transformation yielded selective marker resistant plants. The 
AL TP1 transformation yielded 12 lines of independent transformants. Two of these lines 
were lost when transferred to the glasshouse. To determine the relative level of transgene 
expression, a Northern blot was performed using RNA derived from nptll positive 
seedlings. Of the 10 lines, one appeared to be a null expressing line and the remaining 
lines vary in expression level over approximately 10 fold range. From these data, lines 1.5 
and 1.10 were selected for analysis in pathogen resistance assays. Line 1.10 is probably 
the highest expressing line despite the difference in the Northern in figure 2.4, as a 
Ubiquitin probe indicated that this lane was under loaded relative to 1.5. The northern was 
not repeated because it was hoped to determine the actual protein level through Western 
analysis. This was not possible due to the poor selectivity of the antibodies raised to 
recombinant, gel and chromatographically purified, AL TP1 and the lack of purified protein 
to identify native AL TP1. The antibodies were raised to recombinantly expressed protein 
that was denatured by reducing with OTT and subsequently reacted with iodoacetamide. 
This recombinant protein could not be used to identify native AL TP1 protein bands 
2.8 
because of the addition of 15 amino acids from the pQE vector and the fact that a 
reduction/alkylation procedure was used. The antibodies raised in rabbits appeared 
entirely non specific, recognising a range of proteins covering a large range of molecular 
weights. No pure protein was available to affinity purify antibodies specific for AL TP1. 
2.3.3 ~pth transformants 
Transformation of tobacco with the 35Spth11 Nos construct has produced 13 putative 
transform ants that are tolerant to Basta at 1 Omg/L. No analysis has yet been performed 
on these plants as they were generated too late to be used in resistance trials and for 
crossing with AL TP1 expressing plants. Instead I was able to use plants expressing a 
different thionin that is very similar to ~pth, although it has slightly less activity against the 
fungi and bacteria targeted by this study. The ~Hordothionin plants used in this study were 
the kind gift of Julia Charity and the characterisation of these plants is detailed in her PhD 
thesis and shows both the mRNA level through northern analysis and protein expression 
by Western analysis. 
2.3.4 Selection of homozygous lines and crossing of plants expressing AL TP1 and 
~Hordothionin 
AL TP1 expressing homozygotes were identified by producing T2 seed which was totally 
resistant to Kanamycin on MSK plates. Three parental plants were identified as 
homozygotes in this manner, 1.104, 1.108, 1.53 . The segregation pattern of line 1.8 was 
not further investigated as when T1 seed from this line was placed on MSK plates all 
seedlings were resistant to Kanamycin suggesting a large number of insertion events in 
this line. In later experiments W38 wild type plants were used as controls in pathogen 
resistance assays once homozygotes were identified that could be germinated in the 
absence of Kanamycin. The identification of homozygous AL TP1 plants also allowed the 
crossing of these plants with homozygous plants expressing the ~Hordothionin gene (line 
Th 13) to generate double heterozygotes. 
When the crossing was performed no difficulty was experienced with seed formation for all 
three sets of crosses irrespective of the pollen donor, indicating that the expression of 
both transgenes does not have an effect on pollen viability or ovule formation homozygous 
AL TP1 plants also appeared phenotypically normal. The three crossings made produce 
seed with the genotypes A-, 8-, and A-8-, where A is the AL TP1 gene and B is the 
~Hordothionin gene. This combination of genotypes in combination with the transgenic 
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progenitor W38, allowed the assessment of the contribution, if any, of both genes to the 
resistance of the double transgenic plants assessed in chapter 3. 
2.4 Conclusion 
Plants were generated expressing either thionin or L TP. The level of expression was 
measured by Northerns but no protein expression data is yet available. The plants 
expressing either gene were phenotypically normal and no pollen sterility was evident in 
the crosses made to test pathogen resistance. The crosses and homozygotes produced 
will enable the testing of the resistance potential of both transgenes as homozygotes and 
the crosses made will enable the exploration of interactions between the transgenes in 
planta. 
Figure 2.1 a 
Restriction map of clone pth 11 and placement of PCR primers 
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GTTGCTGCAAGAGCACCCTAGGAAGAAACTGCTACAACCTTTGCCGCGCCCGTGGTGCTC 
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CAACGACGTTCTCGTGGGATCCTTCTTTGACGATGTTGGAAACGGCGCGGGCACCACGAG 
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AGAAGTTATGCGCAAACGTTTGCAGGTGTAAACTCACAAGTGGCCTAAGCTGCCCTAAGG 
181 ---------+---------+---------+---------+---------+---------+ 240 
TCTTCAATACGCGTTTGCAAACGTCCACATTTGAGTGTTCACCGGATTCGACGGGATTCC 
PCR Primer CTAAGTTGCCCTAAAG 
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ACTTCCCTAAATTGGTCCTTGAGTCCAACTCAGATGAACCAGACACCATGGAGTACTGCA 
241 ---------+---------+---------+---------+---------+---------+ 300 
TGAAGGGATTTAACCAGGAACTCAGGTTGAGTCTACTTGGTCTGTGGTACCTCATGACGT 
GCTTCCCAAAATAAGCATGCGTG 
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ACTTGGGATGTAGGTCTTCCCTATGTGACTACATCGTCAACGCAGCTGCTGACGATGAAG 
301 ---------+---------+---------+---------+---------+---------+ 360 
TGAACCCTACATCCAGAAGGGATACACTGATGTAGCAGTTGCGTCGACGACTGCTACTTC 
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AGATGAAACTCTATGTGGAACAGTGTGGTGATGCTTGTGTCAATTTCTGTAACGCTGATG 
.361 ---------+---------+---------+---------+---------+---------+ 420 
TCTACTTTGAGATACACCTTGTCACACCACTACGAACACAGTTAAAGACATTGCGACTAC 
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CTGGCCTCACATCCCTTGATGCGTAATGATGCGTATCCATGGTCTGAGATTTCACAGGGC 
421 ---------+---------+---------+---------+---------+---------+ 480 
GACCGGAGTGTAGGGAACTACGCATTACTACGCATAGGTACCAGACTCTAAAGTGTCCCG 
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AAGGTCGTGTCTCACCTTTGCGTTCAATAAAATTGGATCCCATCGAGAGTATCCTAACCA 
481 ---------+---------+---------+---------+---------+---------+ 540 
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GTGTGTCACCCTGTGTTATGTGTGTGTATTTCCATTCCTTGTTCGAATAAAAGTCATCAT 
541 ---------+---------+---------+---------+---------+---------+ 600 
CACACAGTGGGACACAATACACACACATAAAGGTAAGGAACAAGCTTATTTTCAGTAGTA 
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GTTGGATGCCATGTTGCATTGTTGCTGCCCTGATGTACTACCATGACTGAGAAATAATGG 
601 ---------+---------+---------+---------+---------+---------+ 660 
CAACCTACGGTACAACGTAACAACGACGGGACTACATGATGGTACTGACTCTTTATTACC 
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TATATGTTGTATCATTTGCCTATGGAAATAAGCGGCCGCGAATTCC 
661 ---------+---------+---------+---------+------ 706 
ATATACAACATAGTAAACGGATACCTTTATTCGCCGGCGCTTAAGG 
ll: This map shows the position of the PCR primers to generate the probe for screening the 
library. The 3' primer shows that homology bhordothionin is not strong at the 3' end of the 
primer. Arrows mark the start and end of the mature processed protein. The cDNA shows 
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identical structure to the a 1 pth cDNA, with an endoplasmic reticulum targeting signal 
sequence and an acidic peptide extension that targets the protein to the vacuole. The 
internal BamHI restriction site was important because it allowed the eventual directional 
cloning of the cDNA into an expression cassette (figure 2.2). 
Figure 2.1 b 
Gap Weight: 5.000 Average Match: 1.000 
Length Weight: 0.300 Average Mismatch: -0.900 
Quality: 302.8 Length: 337 
Ratio: 0.899 Gaps: 0 
Percent Similarity: 94.659 Percent Identity: 94.659 
. . . . 
alpth 47 TGCAAGATAGCCTGCCAGCCATGGGAAGCAAGGGCCTCAAGGGTGTGATG 96 
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 
pthlll 16 TGCAAGATAGCCTGCCAGCCATGGGAAGCAAGGGCCTCAAGGGTGTGATG 65 
. . . . . 
97 GTGTGTTTACTCATACTGGGGTTGGTTCTGGAACAGGTGCAAGTAGA..AGG 146 
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 
66 GTGTGTTTACTCATACTGGGGTTGGTTCTGGAACAGGTGCAAGTAGAAGG 115 
. . . . . 
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147 CAAGAGTTGCTGCAGGACCACCCTGGGAAGAAACTGCTACAACCTTTGCC 196 
11111111111111 II 111111 1111111111111111111111111 
116 CAAGAGTTGCTGCAAGAGCACCCTAGGAAGAAACTGCTACAACCTTTGCC 165 
. . . . . 
197 GCTCCCGTGGTGCTCAGAAGTTATGCTCAACCGTCTGTAGGTGTAAACTC 246 
II 11111111111111111111111 Ill Ill II 111111111111 
166 GCGCCCGTGGTGCTCAGAAGTTATGCGCAAACGTTTGCAGGTGTAAACTC 215 
. . . . . 
247 ACAAGTGGCCTAAGCTGCCCCAAAGGTTTCCCTAAATTGGCCCTTGAGTC 296 
11111111111111111111 II I 1111111111111 111111111 
216 ACAAGTGGCCTAAGCTGCCCTAAGGACTTCCCTAAATTGGTCCTTGAGTC 265 
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297 CAACTCAGATGAACCAGACACCATTGAGTATTGCAACTTGGGATGTAGGT 3 4 6 
111111111111111111111111 11111 1111111111111111111 
266 CAACTCAGATGAACCAGACACCATGGAGTACTGCAACTTGGGATGTAGGT 315 
. . . 
347 CTTCCGTGTGTGACTACATGGTCAACGCAGCTGCTGA 383 
11111 I 11111111111 11111111111111111 
316 CTTCCCTATGTGACTACATCGTCAACGCAGCTGCTGA 352 
Sequence alignment using bestfit (GCG) of a1 pth Vs pth11 (~pth). The sequences are 
clearly homologous over much of the length of the cDNA's, the full length pth11 cDNA is 
706bp. The region of homology above corresponds to the protein coding region and some 
of the 5' and 3' untranslated region. The polymorphism at the Pstl site is shown, this Pstl 
site is absent from the ~pth sequence. 
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The pth11 cDNA was digested with Notl and BamHI and ligated into pBC cut with the same 
enzymes to form pBCTpth11. To make a 35STpth11 Ocs construct, the gus gene in 
pGEM35SGO, was replaced with the Sacll/EcoRI fragment from pBCTpth11. The 35STpth11 Ocs 
construct was digested with Nsil and ligated into p7076DB [pTAB10 (Tabe et al 1995) with the 
single BamHI site deleted], digested with Pstl, which contains the Bar gene conferring resistance 
to thP. hPrhir.irlP RA ~T 6. 
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Figure 2.3 
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.. ,J The 35SAltp135S construct was made by digesting the vector pBCAL TP1 with Xbal and Pstl and 
!\ ligating into the pDH51 vector cut the same enzymes (see figure 2.3 for cloning scheme). The 
orientation of the insert was checked by digestion with Sphl which released the expected 700bp 
fragment. This construct was digested with Sacl and ligated into the vector pGA482. Double 
resistant Amp and Tet resistant colonies were selected and digested with Clal to determine if the 
two plasmids had integrated or were co-transformed into the bacterial cell. 
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Figure 2.4 
ALTP1 Transgene expression analysis 
1.1 1.2 1.3 1.41.5 1.6 1.71.8 1.101.11 W38 
Tobacco plant line 
RNA was extracted from 4 week old tobacco plants that were Nptll positive. 
Five plants were pooled per line, RNA extracted according to Dolferus et al (1994) 
and run on a 0.8°/o denaturing agarose gel. The RNA was transferred to Hybond N 
Nylon membrane and probed with a full length ALTP1 riboprobe 
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Figure 2.4 
ALTP1 Transgene expression analysis 
1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.10 1.11 W38 
Tobacco plant line 
RNA was extracted from 4 week old tobacco plants that were Nptll positive. 
Five plants were pooled per line, RNA extracted according to Dolferus et al (1994) 
and run on a 0.8°/o denaturing agarose gel. The RNA was transferred to Hybond N 
Nylon membrane and probed with a full length ALTP1 riboprobe 
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AL TP1 and ~Hordothionin expressing transgenic 
tobacco plants show increased tolerance to 
bacterial wilt 
I 
I 
AL TP1 and ~Hordothionin expressing transgenic tobacco plants show 
increased tolerance to bacterial wilt 
3.1 Introduction 
In chapter 2, I described the production of a number of transgenic tobacco lines 
.J expressing different antifungal genes that might confer added tolerance to plant diseases. 
I 
! 
The determination of disease tolerance is not a trivial matter and requires careful 
experimental design and execution. The choice of what pathogen to use is problematic 
because quarantine restrictions prevent the importation of pathogens that might be novel 
!! to Australia. The long term aim of this study is to produce cotton plants that are resistant 
111 
I to fungal infection, specifically V. dah/iae and F. oxysporum. These are both root invading 
vascular transported pathogens that persist in the soil for some time. However neither of 
these pathogens infect tobacco and so another pathogen needs to be used to test the 
efficacy of the AL TP1 and thionin transgene in the tobacco generated here. 
Both bacterial and fungal pathogens have previously been used to test tobacco plants for 
pathogen resistance (Hayward 1994, Charity 1996). The assays can be divided into two 
categories; firstly those that involve the scoring of lesion area from infection by leaf 
pathogens such as Botrytis cinerea and Pseudomonas syringae. Secondly those that use 
soil borne pathogens such as P. so/anacearum and Rhizoctonia so/ani, that attack the 
roots or hypocotyl and where resistance is scored after plant death (Murray 1995). 
The organism chosen in this study was P. so/anacearum which is a soil borne bacterium 
that invades through the plant roots and colonises the vascular system (Hayward 1994). 
This pathogen was selected because of general life cycle and colonisation similarities to 
the fungal pathogens which are our target in cotton. P. solanacearum is sensitive to both 
th ion ins and L TP's and has been reported to have an IC50 of 0.1 µg/ml and 0.5µg/ml for 
thionins and L TP's (Molina et al 1993, Segura, Moreno and Garcia-Olmedo 1993) 
respectively. From the data in chapter 4.2.3.1 it is clear that the Australian isolate 6397, 
used here, is at least partially tolerant to ~pth as growth inhibition is only observed with the 
fully purified and active ~pth (and presumably ~hth) at 1 Oµg/ml, but no other more 
sensitive isolate was available at the time. 
Although it is not always possible to predict the field behaviour of plants demonstrating 
tolerance in a controlled glasshouse or growth cabinet, it does show if the approach is 
feasible under optimal conditions, e.g. Cotton plants expressing the Bt toxin gene show a 
3.1 
high potency in vitro but under field conditions a reduction in expression as the plant ages 
and begins to senesce (Fitt, Mares and Llewellyn 1994)has been observed, though the 
plants still control insect pests. A small increase in scoreable disease resistance in a 
growth cabinet trial may produce a larger or smaller effect on yield in the field because 
yield is not linearly dependent on the rate or severity of infection. Verticillium wilt in cotton 
can have large, intermediate or no effect on yield depending on infecting strain, infection 
rate (Bell 1992) and environmental conditions. Small scale, controlled environment, trials 
give a good indication as to the necessity of a full scale field trial and the potential such a 
trial has of success. 
A critical component of the experimental design in a disease resistance assay is just how 
the disease symptoms are scored. Scoring is easiest where complete gene for gene type 
resistance occurs e.g. Cladosporium fulvum Avr9- Lycopersicon esculenta Cf9 interaction 
(Hammond-Kosack, Jones and Jones 1994), where the resistance gene provides 
immunity to infection to at least some races of the pathogen. Under these conditions the 
simple presence or absence of the growing pathogen on the appropriate plant part is 
easily scored. However it is extremely unlikely that the genetic engineering of plants with 
general antimicrobial agents would produce such startling differences in pathogen growth. 
In cotton there appears to be no gene for gene resistance interactions with Verticillium 
and it is more likely that an incremental increase in resistance will be achieved by 
expressing antifungal toxins. The P. so!anacearum assay reported here can give high 
rates of infection and the scoring of infected plants is relatively easy because of the 
severe symptoms resulting from infection i.e. plant death. A carefully designed experiment 
should allow statistically significant differences in infection rates to be measured. 
Despite limitations to the interpretation of small scale trials they are essential to 
investigate the potential of the gene under ideal conditions. Some information on efficacy 
I is required to satisfy regulatory authorities that there is a benefit to be gained from the 
I 
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technology before approval could be gained to test transgenic plants under field 
conditions. 
Resistance assays to P. solanacearum have previously been performed in two ways. The 
first is to grow plants in soil until they are large and then with a knife cut a groove in the 
soil between plant rows to sever roots. The bacterial inoculum is then poured into the soil 
(Jenkins and Kelman 1976). The second is to transfer seedlings into soil after being 
dipped into inoculum (Jenkins and Kelman 1976). Both of these methods may pose 
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problems as the extensive wounding resulting from both root dip and root scoring methods 
may alter the expression levels of a large number of genes activated by the wounding 
response (Bowles 1990). Some of these genes code for products that are known to be 
antimicrobial and the test in this case would be of the interaction of these induced genes 
with the transgene. A simpler system was sought to avoid root wounding and yet expose 
plants to infection in a controlled and more natural manner. 
To allow plant growth in situ a method was developed where the bacteria were injected 
into the root zone of the plants. This method allowed the timing of infection, the 
standardisation of inoculum while minimising the root damage associated with the contact 
of plant and inoculum. It is impossible to guarantee that no roots are damaged during the 
injection of the inoculum but the large number of plants used in each trial should reduce 
associated errors. 
3.2 Pathogen resistance assays 
3.2.1 Bacterial source and selection 
Three isolates of P. solanacearum were obtained from the Queensland Department of 
Primary Industries research station at Mareeba Qld, designated 6791, 5734 and 6397. Of 
these only 6397 was used for resistance assays as the other two had mutated to non 
pathogenic forms during storage. The stocks were stored at room temperature suspended 
in sterile water in amber containers sealed from light. 
Pathogenicity in P. so/anacearum is relatively unstable so pathogenic colonies were 
selected on TZC agar (Jenkins and Kelman 1976) an indicator medium, which consisted 
of per 200ml 
Agar 3.6g 
Peptone 0.2g 
Casamino acids 0.2g 
Glycerol 1 ml 
After autoclaving for 20 min at 121 °c and subsequent cooling to 55°C, one ml of freshly 
prepared, filter sterilised, 1 °/o (WN) 1,3,5 triphenyl tetrazolium red (phenyl red) was added 
and dispensed immediately. 
After two to three days growth at 28°C the bacterial colonies were large enough to be 
seen and their colour determined. Truly pathogenic colonies were white, visibly 'slimy', not 
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truly round and when examined under the microscope were not actively motile. Non 
pathogenic colonies were fully red, circular and butyrous and when examined under the 
microscope they were actively motile. Pink colonies were intermediate between these two 
extremes and showed both motile and non motile cells when viewed under a microscope. 
3.2.2 Re-isolation P. solanacearum from infected tobacco stems 
In storage the percentage of pathogenic colony forms gradually declined and difficulty was 
experienced in screening enough bacterial colonies to be sure that a pathogenic colony 
had been selected. The bacteria colonising a wilted tobacco plant were therefore isolated, 
plated on TZC indicator plates and bacterial isolates tested for pathogenicity to confirm the 
re-isolation of P. solanacearum. 
An infected tobacco plant was chosen in the early stages of infection while the stem was 
still turgid. A 2cm section was removed and the epidermis stripped off using a sterile 
scalpel and forceps in a laminar flow hood. The discoloured vascular material was 
removed and placed in 100µ1 of sterile water. The material was shaken briefly and 20µ1 of 
a 1/5000 dilution plated onto TZC plates. After two days white colonies were selected and 
taken up in 100µ1 of sterile water. These cultures were then used to inoculate W38 
tobacco plants via stem puncture to ensure that isolated bacteria were pathogenic. All 
f bacterial colonies isolated and tested in this manner were pathogenic. 
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3.2.2.1 Preparation of inoculum for resistance assays 
After the selection of pathogenic colonies, single colonies were grown for 72hrs in the 
following medium. 
Semi synthetic medium (Jenkins and Kelman 1976) per L. 
K2HP04 1.17g 
KH 2P04 0.44g 
MgS04.7H20 0.246g 
MnS04 0.00077g 
ZnS04 0.00082g 
FeEDTA (Cl) 0.000165g 
(NH4)2S04 0.66g 
Casamino Acids 1g 
yeast extract 1g 
Sucrose 20g 
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After growing for the indicated time the inoculum was diluted 1/10 with sterile distilled 
water before infection of plants. No attempt was made to account for the absolute 
bacterial density of the inoculum because of the varying rate at which different bacterial 
colonies lose pathogenicity, and thus the varying composition of the inoculum. Two 
millilitres of bacterial suspension were injected into the soil using a 10 gauge needle on a 
hypodermic syringe. The inoculum was placed as close as practicable to the base of the 
plant without actually touching exposed parts of the plant with the syringe. 
3.2.3 Plant growth and infection 
3.2.3.1 Bioassays on AL TP1 transformed plants as a segregating population 
Two trials were performed before homozygous lines were selected and these trials were 
different to the procedure for the experiments using homozygous lines or crosses. 
Seed of the two highest expressing lines (1.10 and 1.5 chapter 2.2.4) were surface 
sterilised and plated onto MSK(300mg/L) solid medium for two weeks. At this stage it was 
possible to tell the difference between transgenic Kanamycin resistant (green cotyledons 
with roots penetrating the agar surface) and non transgenic seedlings (white cotyledons 
and roots not penetrating the agar surface). 
Kanamycin resistant seedlings were transferred to blue pipette tip boxes containing 
-100ml of soil and slow release fertiliser (Osmocote). Four plants per box were 
transplanted and the boxes were kept at room temperature for 24h before being placed in 
the growth cabinet. Once placed in the cabinet all boxes were covered with shadecloth 
(70°/o) for two days to help reduce transplant shock. Growth conditions and temperature 
programs were 16h light @28°C and 8h dark @ 25°C. 
For this study the controls were a null expressing line of AL TP1 transformed plants (1.8). 
The inheritance of the transgene was not investigated further for this line as all seedlings 
were Kanamycin resistant. Lines 1.10 and 1.5, gave the 3: 1 ratio of resistant to sensitive 
seedlings expected of single insertions. The remaining boxes were uninfected control 
plants; this was to assess the rate of plant death in the absence of infection and proved to 
be negligibly small ( <1 °/o). 
3.2.3.2 Growth conditions for homozygous AL TP1 and uniform heterozygous thionin x 
AL TP 1 trials 
Approximately 100ml of soil was added to a blue pipette tip box, the soil watered and the 
lid closed. After 24h seed was sown by scattering tobacco seed on the surface of the soil. 
3.5 
I 
I 
I 
I 
I 
I 
11 
~ 
,,, 
The boxes were then placed directly in a growth cabinet in a randomised block design. For 
each treatment/transgenic 40 boxes were sown. The growth cabinet was programmed for 
a daytime of 16h @30°C and a night of Sh @25°C. Lighting consisted of 6x400W Quartz 
Halogen lights. Boxes were watered every 2 days with sufficient water to wet the soil and 
remain damp till the next watering. 
After germination the seedlings were thinned to four per box and allowed to grow until 
approximately 4 leaf stage. Plants were infected by injecting the inoculum around the plant 
roots as already described. After 7 days infection rate was scored, all wilted plants were 
given the same rank. Continuing the experiment for longer than 7-14 days showed that all 
wilted plants were infected and eventually died. In some experiments where the infection 
rate in the controls was below 70°/o the results at 14 days were used. 
Plants were scored as infected or not affected; this was to simplify the scoring procedure. 
This eliminated subjectivity in the assessment protocol while giving an indication of the 
ability of the plants to avoid infection in the presence of large amounts of inoculum. 
3.2.3.3 Randomisation of plant placement 
To reduce the possibility of errors from micro-variations in growth conditions within the 
growth cabinet, a randomised block design was designed using the Genstat program. The 
trial was divided into 4 block of 40 boxes each containing 5 sub blocks of 8 boxes each. 
As all experiments comprised multiples of 40 boxes for each line tested the composition of 
each sub block contained two boxes from each test population. Each sub block was 
randomised for the order in which the boxes were placed resulting in a relatively 
homogenous placement plan for all plant lines. 
3.3 Results and Discussion 
3.3.1 Pathogen selection, maintenance and growth conditions 
P. solanacearum was chosen as a test organism in these trials for two main reasons. 
Firstly it is a root invading pathogen that colonises the vascular system of the host plant 
which is similar to the cotton pathogens of real interest. Secondly, after successful 
infection this bacterium causes rapid plant death and plant infection is easily scored by 
visual examination. Plants in the early stages of infection showed wilted cotyledons and, 
as infection spread, the upper leaves would also wilt. 
The greatest difficulty encountered in the performance of these trials was the selection 
and maintenance of the pathogen itself. The bacterium lost the pathogenic determinant at 
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a high frequency in storage, which created problems with long term maintenance of 
pathogenic stock. The colour test for pathogenicity was not completely reliable as it was to 
some extent dependent on the density of the plated bacteria. High bacterial colony 
densities gave a greater proportion of white colonies even in poorly pathogenic isolates. 
Initial control experiments with W38 plants showed that the infection rate was critically 
dependent on the selection of colony type as both pink and red colonies resulted in 
reduced infection rates when compared to truly white bacterial colonies. 
P. solanacearum displays a marked temperature dependence in infection. Daytime 
temperatures greater than 28°C are needed to obtain infection at high rates in less than 
two weeks. Using a temperature regime of 28°C during the day and taping the boxes shut 
to reduce water loss and increase humidity gave a control infection rate in one experiment 
of 93o/o. At just two degrees lower daytime temperature, the infection is delayed to >2 
weeks and the infection rate is also significantly decreased. All of the high infection rate 
data reported here are from experiments that were carried out at 29-30°C daytime 
temperature. 
3.3.2 Experiments on segregating populations of AL TP1 transform ant progeny 
Transgenic plants expressing the AL TP1 mRNA have been thoroughly tested for their 
resistance to the infection of P. so/anacearum both as a segregating population and as a 
homozygous one. The control line in the segregating population experiments was the 
AL TP1 line 1.8, that was shown to be a null expressing line by Northern analysis in 
chapter 2.2.4. These experiments used this line because seed was germinated on 
Kanamycin containing tissue culture media to remove the non transgenic seedlings from 
the progeny. This initial tissue culture phase could potentially have an effect on gene 
expression and plant growth and so to maintain experimental consistency all plants were 
germinated on Kanamycin. This two week growth on Kanamycin resulted in shoots that 
were approximately 5-10mm long, while later experiments with homozygous lines showed 
two week old growth cabinet grown plants were approximately 3-6cm. 
Figures 3.1 and 3.2, show the infection data from the trials using plants segregating for 
the AL TP1 transgene. The absolute infection rate was different for each experiment and it 
is for this reason they were not combined into a single data set. Line 1.5 in both trials was 
1
1 
less resistant to infection than line 1.10 but more resistant than the control line. The 
difference in infection rate between 1.5 and the controls was significant only at the 10% 
confidence interval except in experiment 2 where the difference was significant at 5%. As 
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a segregating population line 1.10 showed a significant increase in resistance to infection. 
This increase in plant resistance to infection was statistically significant using the t-test at 
<1 °/o in all trials. 
The expression of the transgene in lines 1.10 and 1.5 has not been finely characterised . 
The Northern data presented in chapter 2.2.4, allowed the selection of the presumed 
highest expressing lines. These two lines do show differential resistance to pathogen 
infection. The difference in levels of AL TP1 protein accumulate by the two lines was not 
investigated because the antibodies raised against recombinantly expressed AL TP1 were 
not specific and reacted with many proteins. No pure protein was available to identify 
which of the multiple protein bands might correspond to AL TP1, but no significant increase 
in protein bands could be detected in the region expected for AL TP1. This characterisation 
is important because it is the level of protein that really determines the level of resistance 
and the possibility that it is some other mechanism can not truly be ruled out until the 
expression of biologically active protein is demonstrated. 
One of the concerns about the experiments with segregating population was that the initial 
germination on Kanamycin may have had an effect on plant growth or other unidentified 
tissue culture factors may have affected the eventual infection rate. The plant lines may 
also differ slightly in their resistance to Kanamycin and the resistant lines may be more 
vigorous. Also the relative resistance contribution of the homozygous and heterozygous 
plants was impossible to determine. To eliminate the effects of initial tissue culture and the 
heterogenous nature of the test population, homozygous lines were selected and trials 
performed after plant growth in situ in the absence of Kanamycin. 
3.3.3 Homozygous AL TP1 transgenic lines show enhanced resistance to pathogen 
infection compared to ~Hordothionin expressing and control plants 
These experiments were performed to test the ability of AL TP1 and ~Hordothionin (Th13, 
Charity 1996) transformed tobacco plants to resist infection by P. solanacearum. These 
two trials were conducted with the help of Julia Charity who had generated the 
~Hordothionin expressing plants. 
Figure 3.3 shows the results of trial 1; The controls for this experiment were plants 
transformed with an empty binary vector pTAB10 (Tabe et al 1995, Charity 1996). The 
infection rate in this trial was the highest of all trials performed, after 7 days 94°/o of control 
plants were infected and nearly all of these were severely effected. Both the AL TP1 line 
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1.1 O and the ~Hordothionin line Th 13 showed significant differences in infection rate 
(p<0.05) from the control using the t-test. Line 1.10 gave the greatest reduction in 
infection rate showing only 58°/o infection and the th ion in line Th13 showing 75°/o infection. 
Figure 3.4 shows the results of a second trial comparing AL TP1 line 1.5 with the thionin 
line Th13. Line 1.5 showed a lower rate of infection than control line decreasing the 
infection rate from 69°/o to 50°/o (t-test p<0.05), the thionin line did not show a significantly 
different mean infection rate relative to the control plants with 57°/o infection. 
The low levels of resistance displayed by the ~Hordothionin plants were disappointing. In 
chapter 4.2.4.1 experiments with pure ~purothionin show that the strain of P. 
solanacearum used in these experiments is at least partially resistant to the toxic action of 
thionins. This may account for the lower degree of protection to this pathogen, afforded by 
the transgene in these plants. The thionins are naturally vacuolar proteins and the L TP is 
a cell wall protein and it may be the initial contact with the pathogen that is important in 
reducing infection rate. 
These two tests show that the two AL TP1 lines used in this study do increase their 
resistance level when the gene dosage is doubled. In the first trials with a segregating 
population the greatest reduction in infection was found in line 1.10 at 26°/o and line 1.5 
was not able to be statistically separated from the controls in both experiments. In the 
trials using homozygous plants the best control achieved was 38°/o for line 1.10 and 28°/o 
for line 1.5. There is thus a clear increase in disease resistance in homozygous lines of 
these plants relative to heterozygotes, indicating a possible increase in transgene 
expression from a gene dosage effect. The expression of the AL TP 1 gene in transgenic 
tobacco plants does protect against the infection P. solanacearum. The different 
behaviour of the two lines tested suggests the level of expression may be important to the 
degree of control achieved and perhaps with a different promoter might afford even higher 
levels of protection if expression levels could be improved. 
3.3.4 Plants containing both the AL TP1 gene and the ~Hordothionin gene, are more 
resistant to pathogen infection than plants containing either gene alone 
Thionins and L TP's act synergistically in vitro (Terras et al 1993), but it was unknown if 
this effect could be duplicated in planta. The thionins are vacuolar targeted proteins that 
would not be released unless the cell was lysed, while the AL TP1 protein is a cell wall 
protein and thus would not be brought into contact with the thionins until they were 
released (Florack et al 1994, Thoma et al 1994). To examine if there are any in planta 
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interactions, homozygous Th13 plants were crossed with homozygous AL TP1 .1 O plants to 
produce a uniform heterozygous population expressing both transgenes ( chapter 2.2. 7). 
Both lines were also crossed to W38 to produce uniform heterozygous populations for 
each transgene alone and were used as controls together with a parental W38 population. 
Figure 3.5 shows the results for the single infection trial using the crossed plant lines. The 
infection rate is slightly lower than for the other trials reported here as this data had to be 
collected at 7 days post infection due to growth cabinet availability. Equipment malfunction 
and difficulty selecting a pathogenic bacterial isolate prevented me from repeating this 
experiment near the end of my studies. The interesting observation in this experiment was 
that the heterozygous populations of the individual transgenes do not give any protective 
effect in this experiment. This may mean that the trial was terminated too early to detect a 
small increase in plant resistance. In earlier trials the difference between control and 
experimental populations became greater with increasing trial time. The cross of AL TP1 
and Th13 shows a good level of protection equivalent to the AL TP1.10 line as a 
homozygote in other trials and suggests that the genes may be acting synergistically in 
planta. 
3.4 Conclusion 
To date only two reports of thionin mediated protection against pathogen infection have 
been published (Epple, Apel and Bohlmann 1997, Carmona et al 1993). Carmona et al 
(1993) showed that tobacco plants transformed with the aHordothionin gene was more 
resistant to the infection of Pseudomonas syringae and was highly dependent on the 
expression level of the transgene line. Epple, Apel and Bohlmann (1997) have shown that 
the transformation of Arabidopsis tha/iana with an endogenous thionin gene resulted in an 
increased resistance to the fungal pathogen Fusarium oxysporum. There are currently no 
reports of L TP mediated transgenic plant resistance to pathogens nor reports investigating 
any potential interactions of L TP 's with thionins in planta. 
The results of these experiments can be interpreted with confidence and do give a real 
indication of the potential of these genes for crop improvement for two reasons. Firstly the 
relatively large scale of the trial enables the sampling of a large number of plants and 
reduces the magnitude of experimental errors. Only 160 plants, per line, were examined in 
this trial, not a large sample relative to a field trial, but it does give an indication of the 
efficacy of the genes. Secondly the transgenic plants show a relatively large difference in 
the level of resistance which reduces the relative contributions of experimental variation. 
3.10 
,:111 
I 
·i 
I 
I 
Such a large modulation in infection rate is difficult to explain by methods other than 
transgene mediated resistance especially when several control lines have been used in 
these experiments. The resistance of the transgenic plants has been inherited through to 
the T2 generation, suggesting that the determinant of the resistance is inherited. 
Transgenic plants expressing the AL TP1 gene do show a greater level of resistance to 
infection than control plants. The effect was greatest for line 1.10 as a homozygote 
showing a 38°/o reduction in infection rate while line 1.5 showed 28°/o less infection than 
the control plants. If this level of protection could be duplicated in the field, then this level 
of resistance would prove useful because it is comparable to that currently obtained in 
semi-resistant conventionally bred cotton varieties tolerant to Verticillium wilt. 
The obvious interaction of the f3Hordothionin line Th13 with the AL TP1 line 1.10 (figure 
3.5) shows a level of control similar to that of the homozygous AL TP1 1.10. The lack of a 
significant effect of the single transgenes means that it is difficult to assess the type of 
interaction between the genes. From these experimental data the protective effect must 
be at least fully additive and potentially synergistic, but more experiments are required to 
investigate this possibility. If this interaction is fully additive then adding the control in the 
homozygous experiments gives a potential of 60°/o control. If the synergy that is seen in 
vitro is actually occurring in p/anta, then these two genes show great potential for control 
of pathogens in crop plants. A greater understanding of the mode of action of thionin 1s and 
L TP's and how they interact could greatly assist the design of robust transgenes for crop 
protection against diseases. In the following chapters I present data that thionins , at least, 
form ion channels in membranes and kill cells by disrupting ion equilibrium. 
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Figure 3.1 
T1 L TP transformant resistance to P. 
solanacearum (Expt 1) 
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This trial tested the resistance of a population of plants segregating for the 
AL TP1 transgene, plant growth conditions and infection method are detailed 
in the text. A graphic representation of the difference between the control 
null AL TP1 line AL TP1 .8 and the two highest expressing lines in a single 
trial. The difference between AL TP1.10 and AL TP1 .8 infection rate is 
significant by the t-test at 0.5°/o confidence and AL TP1 .5 at 1 Oo/o. 
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Figure 3.2 
T1 L TP transformant resistance to P. solanacearum 
(Expt 2) 
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This trial tested the resistance of a population of plants segregating for the 
AL TP1 transgene, plant growth conditions and infection method are detailed 
in the text. A graphic representation of the difference between the control 
null AL TP1 line AL TP1 .8 and the two highest expressing lines in a single 
trial. The difference between AL TP1.10 and AL TP1 .8 infection rate is 
significant by the t-test at 0.5°/o confidence and AL TP1 .5 at 5°/o. 
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Figure 3.3 
Pathogen resistance of homozygous T2 transgenic plants (Expt 1) 
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Data shows the infection rate after 8 days in a closed box trial. Bar is a 
plant line transformed with an empty binary vector, L TP is the highest 
expressing L TP transformed line and Thionin is the highest expressing 
~ Hordothionin line 
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Figure 3.4 
Pathogen resistance of homozygous T2 transgenic plants (Expt 2) 
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Data shows the infection rate after 8 days in a closed box trial. Bar is a 
plant line transformed with an empty binary vector, L TP is the highest 
expressing L TP transformed line and Th ion in is the highest expressing 
~ Hordothionin line 
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Figure 3.5 
Plant pathogen resistance in heterozygous plants expressing 
both AL TP1 and ~pth 
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W38 LT LxW38 TxW38 
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Plant cross W38 LT LxW38 TxW38 
Mean infection rate 0.45 0.29 0.42 0.45 
SEM 0.05 0.04 0.05 0.05 
ttest result vs W38 0.015 0.75 0.95 
There were three sets of controls in this experiment, the transgenic progenitor 
line W38 and the uniformly heterozygous L TP1.10 (L) and Th13 (T) populations. 
These controls were used to assess the absolute infection rate and the 
effect on pathogen infection that each transgene has individually. The plants 
expressing both transgenes show a far greater effect on plant resistance than 
adding the individual effects together. 
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Purification of two antimicrobial proteins and in 
vitro characterisation of antimicrobial activity 
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Purification of two antimicrobial proteins and in vitro characterisation of 
antimicrobial activity 
4.1 Introduction 
Thionin and L TP's have previously been reported as antimicrobial proteins and share 
general physical properties, being low molecular weight, basic, hydrophobic and heavily 
cross linked proteins. Very little is known about the in planta function of either class of 
proteins (Garcia-Olmedo et al 1989, Bohlmann and Apel 1991, Florack and Stiekema 
1994) although they have been attributed a wide variety of biochemical functions. Thionins 
and L TP's act synergistically in vitro (Terras et al 1993) to potentiate each other's 
antimicrobial activity and it is for this reason that the two types of proteins were chosen for 
'"i this study on transferring disease resistance genes to transgenic plants. The main focus 
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of this chapter will be the purification of f3pth from wheat flour and attempts to purify 
AL TP1 from Arabidopsis leaves. 
Thionins were first isolated as part of the alcohol and organic solvent extractable portion of 
wheat and barley flour (Balls, Hale and Harris 1940). The original reports suggested that 
there were two types of thionins, designated a and f3, however further studies with 
improved methodology distinguished a further a type and so the thionin components 
recognised in wheat flour are a 1, a2 and f3. Thionin-like proteins have now been found in 
many other tissues and plant genera including the leaves of cereals and many 
dicotyledonous plants. It is becoming apparent that the thionins are a group of proteins 
that have a long evolutionary history and perhaps represent a general defence against 
pathogens. 
Several methods have been applied to the purification of thionins in the past. Redman and 
Fisher (1969) used organic extraction followed by two phase, aqueous/organic, extraction 
and subsequent chromatography to obtain f3pth. Garcia-Olmedo, Sotelo and Garcia-Faure 
(1968) precipitated the protein from the oil obtained from organic extraction and followed 
this with preparative starch gel electrophoresis and chromatography. Ohtani et al (1977) 
extracted barley flour with mild acid and used this material as the starting point for 
chromatography. 
Advances in analytical techniques and chromatography media warrant a re-evaluation of 
these procedures. This chapter is therefore concerned with the purification of the beta 
form of thionin from wheat flour (i.e. f3pth). While beta purothionin purification had been 
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reported previously and the protein sequenced (Mak and Jones 1976) there is some doubt 
about the absolute purity and biological activity of the protein because of the analytical 
methods available at the time. 
The first examples of plant L TP's were identified in an attempt to find mammalian type 
lipid transfer proteins which transfer newly synthesised lipid from the endoplasmic 
reticulum to other membranes and are specific for a functional type of lipid. However plant 
L TP's do not transfer lipids in the same manner as do the mammalian L TP's being non 
specific for the lipid head group and they are found extracellularly (Kader 1996). L TP's are 
found in many different plant genera and seem to be found only in above ground tissues 
(Kader 1996). Like thionins L TP's are extractable in organic solvents from wheat and 
barley flour and one has been extracted from a solvent wash which removed the cuticle 
from Brassica oleracea (Broccoli) (Pyee, Yu and Kolattukudy 1994). The leaf form of L TP 
a 1 from Arabidopsis, has been purified from cell wall associated proteins liberated by a 
high salt wash (Segura, Moreno and Garcia-Olmedo 1993) from ground leaf tissue. 
The physical and chemical properties of thionins and L TP's create a number of difficulties 
in their purification and a number of alternative purification strategies have been reported. 
Cation exchange and reverse phase are the two most common steps in purification 
protocols (Segura, Moreno and Garcia-Olmedo 1993, Pyee, Yu and Kolattukudy 1994). 
As both proteins bind lipid (Garcia-Olmedo et al 1989 and Kader 1996) there are 
considerable problems associated with the lipid fouling of chromatography columns used 
during the purification, this being particularly true of extracts derived from organic solvent 
extraction of flour. A preparative electrophoretic step however can remove most of the 
lipid and negatively charged protein from crude extracts. Thionins normally represent the 
majority of the basic protein content from plant extracts so the purification factor required 
to purify them to homogeneity is relatively low. However the purified protein can be very 
oily due to contaminating lipid and yield is limited by the oil content of the flour because 
extraction by aqueous methods result in a 10-fold increase in the extractable thionin and 
addition of diacyl-glycerol to the flour increases the amount of extractable thionin from 
flour (Garcia-Olmedo et al 1989). 
The biological activity of thionins and L TP's is very stable. L TP's are stable for months at 
4°C (Kader 1996) and thionins have been tested under extremely harsh conditions and 
still retained activity (Redman and Fisher 1969, Garcia-Olmedo et al 1989). Both proteins 
are, however, inactivated by any reducing agents. They contain 4 disulphide bridges and it 
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is reasonable to expect that disruption of these bonds would lead to a major change in 
tertiary structure and inactivation. Although both proteins contain significant percentages 
of hydrophobic residues they are still highly soluble in aqueous solution (Redman and 
Fisher 1969, Segura, Moreno and Garcia-Olmedo 1993). Thionin and L TP structure 
shows that they are both amphipathic helical structures stabilised by disulphide bonds. 
The amphipathicity of both proteins enables them to dissolve in both aqueous and organic 
solvents and this allows the use of high resolution reverse phase chromatography as a 
purification method that allows separation from contaminating proteins while maintaining 
the biological activity of the proteins. 
The history of thionin purification clearly reflects improvements in the resolution afforded 
by more modern techniques. The separation of a2 from a 1 purothionin was achieved 
through the use of what were then new cation exchange media (Redman and Fisher 
1969). Previous studies have used preparative techniques to separate the thionins from 
the general protein content of the extracts, but with more sensitive analytical techniques it 
is now possible to detect both major and minor contaminants co-purifying with thionins 
using these earlier protocols. 
Careful analysis of protein purity is particularly important when the purified proteins are 
being used to determine the mode of action of any toxin. Minor contaminants in any 
preparation may lead to false interpretation on biological activity of experimental data if 
they have potent activities of their own. Inhibitor complexes are also known and this may 
mask the activity of a sample or lead to under estimates of activity. Alternatively small, 
highly active components can mean assignment of biological activity to the wrong 
molecule. 
A number of protocols investigated in this study had clearly detectable protein 
contaminants using improvements in SOS-PAGE gels that are capable of resolving macro 
contaminants under 14kDa and Matrix assisted laser desorption time of flight mass 
spectrometry (MALDI-TOF). Using modified procedures described in this chapter I have 
been able to purify ~pth from wheat flour to homogeneity and have demonstrated its 
antimicrobial activity towards Australian isolates of the fungus V. dahliae and the 
bacterium P. solanacearum. 
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4.2 Method development and discussion 
There were two extraction protocols examined in this study to purify ~pth; One was the 
acidic extraction method of Ozaki et al (1980) who used the protein solubilised in 50mM 
H2S04 from barley flour as the starting material for purification of ahordothionin. The acidic 
extraction method was eventually abandoned because of the amount of contaminating 
protein and the immense carbohydrate content of these extracts. The successful protocol 
used a modification of the method of Garcia-Olmedo, Sotelo and Garcia-Faure (1968) in 
which petroleum ether was first used to extract the thionins as a complex with lipid. After 
removal of the petroleum ether the protein was precipitated from the lipid complex with 
acidic ethanol. Subsequent washing with ether removed the majority of the lipid and a 
crude dry powder resulted. The powder was re-dissolved and subjected to cathodic 
electrophoresis in a discontinuous native gel system (Westermeier 1993b) to remove lipid 
and acidic proteins from crude material. Resolution of the proteins on the basis of size and 
charge was not needed because the thionins all migrated at the same relative speed and 
protein was eluted into the lower tank buffer. This was the starting material for the 
chromatographic separation of the thionin sub types. Initial chromatography on Pores R2 
reverse phase media resulted in the separation of the a 1 from a2 and ~ types. Further 
chromatography on a Bio-Rad MA7S column achieved the desired separation of a2 from 
~ purothionin. 
The purification of AL TP1 from arabidopsis or transgenic tobacco leaves was not 
achieved. The cell wall associated proteins liberated by high salt concentrations contained 
many more proteins than has previously been reported (Segura, Moreno and Garcia-
Olmedo 1993). This complexity meant that I was unable to identify absorbance peaks that 
contained AL TP1 from leaf extracts and attempts to obtain specific antibodies raised to 
recombinantly expressed AL TP1 failed. This increase in protein complexity is probably 
due to the differences in plant growth conditions between the previous study and this one. 
Time spent on this aspect of the project was limited as more effort was focused on the 
purification of ~pth. 
4.2.1 Thionin purification 
The chromatography methods used in this study rely on different surface interactions to 
separate molecules. Reverse phase uses the hydrophobic interactions of some amino 
1 acids with long aliphatic carbon chains to separate molecules on the basis of their relative 
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hydrophobicity. Thionins are not affected by this technique which normally results in the 
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inactivation of the protein due to the destruction of tertiary structure. Cation exchange 
separates protein on the basis of the surface charge density of the protein and their 
interaction with sulphonic acid groups (in this study) on the matrix surface. Elution of 
proteins was achieved using a linear gradient of acetonitrile for reverse phase and NaCl 
for cation exchange. 
All of the chromatography media used in this study was based on divinylbenzene 
matrices. They are chemically stable supports that are resistant to high pressure and have 
high protein binding capacities. From previous published reports of the purification of the 
thionins, using other chromatographic media, it appears that the selectivity of the supports 
is not ideal for these proteins and careful selection of the surface chemistry is needed to 
achieve the desired purification. The purification on this type of media is, however, very 
fast and, despite the use of two chromatography steps, resulted in a net reduction in 
purification time. 
4.2.1.1 Aqueous acidic extraction of wheat flour- the Ozaki protocol 
The extraction procedure used was a modification of the method of Ozaki et al (1980) who 
purified thionins from the 50mM H2S04 soluble material from barley flour. Thionin 
biological activity was maintained after exposure to extreme pH, either acid or alkaline. 
This tolerance to acid is used in all reported thionin extractions as a part of the purification 
protocol. 
The method of Redman and Fisher (1969) used 1 M lactic acid to extract the thionins from 
the residual oil after organic extraction. This method works reasonably well but the protein 
yield is reduced because of the need for a second extraction step in the process which 
results in a large volume of material that needs to be concentrated before the following 
chromatography step. Garcia-Olmedo, Sotelo and Garcia-Faure (1968) precipitated the 
protein from the same oil with 1 M HCI in ethanol. This method produces a dry powder 
after washing with organic solvent, but much of the lipid in the material remains bound 
tightly to the protein. 
Ozaki et al (1980) used 50mM H2S04 to extract the proteins in an aqueous environment. 
This method extracted approximately 10 fold higher levels of thionin than the previous 
organic extractions which creates some additional problems. This method was originally 
used to purify a barley hordothionin and used repeated cation exchange chromatography 
at differing pH values to purify the protein. Applying this method directly to wheat does not 
work well (see figure 4.1 and compare to figure 4.8), as many more proteins are initially 
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extracted than had been reported for barley. Extraction with acid has been used as a first 
step in the purification of several other small basic proteins (Young et al 1986) and in 
wheat there appears to be a large amount of this material in the flour. Some carbohydrate 
is also solubilised under these conditions which makes the starting material quite viscous 
and prevents rapid loading on small high capacity chromatography columns. 
Surprisingly a large amount of lipophilic material is still present in the extract; subsequent 
cleaning of the chromatography column with NaOH/lsopropanol eluted copious amounts 
of material. This fouling of the column was the major reason that the Ozaki method was 
abandoned, as chromatography was difficult to repeat, even with the same sample. 
Irregular elution profiles were produced and thionins were eluted in different fractions of 
the salt gradient on successive chromatography runs (data not shown). 
The following method was evaluated for the extraction of thionins from wheat flour using 
the principles of the Ozaki protocol. One hundred grams of flour, from the cultivar 
Promise, was extracted with 400ml of 50mM H2S04 for 3h at room temperature. The slurry 
was centrifuged at 5,000g for 15 min and the supernatant adjusted to pH 7.8 by the 
addition of 1 OM NaOH. The solution was left to precipitate overnight at 4°C, it was then 
centrifuged at 8,000g for 60min at 4°C. Solid (NH4hS04 was added to 30°10 relative 
saturation and extraneous protein precipitated at 4°C for 3h. The sample was centrifuged 
at 8,000g for 60 min at room temperature and (NH4hS04 was added to 70°10 relative 
saturation and left overnight to precipitate the thionin containing fraction. The precipitate 
was collected via centrifugation at 8,000G for 60 min and was re-dissolved in the 100ml of 
20mM Sodium phosphate buffer pH6.5 and heated to 65°C for 1 h. The solution was then 
clarified by filtration through Whatman GFF filter paper. 
For all steps of chromatography and electrophoresis samples and buffers were made with 
MiliQ water. Solvents for FPLC were of HPLC grade (Malinkrodt) and other reagents were 
of the highest purity available (peptide synthesis grade). 
A PorosHS 20µM, 4.6mmx100mm column was equilibrated with 20mM Na-Citrate buffer 
pH3.5. The concentrated heat stable extract was loaded onto the column at 3ml per 
minute. After the sample was loaded the column was re-equilibrated with the starting 
buffer and washed until the absorbance was stabilised. A gradient of 0-2M NaCl, in 
starting buffer, was applied over 20 column volumes in 20min at 2ml per minute. Fractions 
were collected automatically every 0.5 min and assayed for antifungal activity. Fractions 
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16-18 (see figure 4.1 ), containing f3pth by mass spectrometry, were pooled and subjected 
to reverse phase chromatography to sub-fractionate the thionin types. 
A Poros, R2 20µM, 4.6mmx100mm column was equilibrated with 0.1 °/o TEA, 0.05°/o TFA, 
5o/o acetonitrile in water. The pooled fractions from the cation exchange step were loaded 
at 2ml per min. The column was then re equilibrated with starting buffer and a gradient of 
5-95°/o acetonitrile 0.1 °/o TEA, 0.05°/o TFA was performed over 20 column volumes in 20 
min. Fractions were collected every 1 min automatically and analysed by mass 
spectrometry. Aliquots from each fraction were dried in Eppendorf tubes in a Speedi Vac 
and re-dissolved in 30%, ethanol for antifungal assays. 
Fractions 14 and 15, containing bpth by mass spectrometry, from the reverse phase 
purification were pooled and subjected to further purification on a Beckman HPLC. A 
30cm Activon Phenyl column was equilibrated in 20°/o isopropanol 0.1 % TFA and a 300µ1 
sample injected. A gradient of 20-70°/o lsopropanol was then run over 20min followed by 
70-100°/o in 5 min. Repetitive gradients were performed and the resulting peaks collected 
and pooled. Samples were then treated as per the previous reverse phase analysis for 
antifungal assays. 
Although this method resulted in the separation of the thionins to homogeneity, the protein 
biological activity had been lost and failed to kill either V. dah/iae or P. solanacearum. This 
method was abandoned because of both the initial complexity of the acidic extract and the 
eventual inactivation of the protein when pure. 
4.2.1.2 Petroleum ether extracts provide a less complex crude protein mixture from which 
to purify thionins 
Two of the published methods of thionin purification use petroleum ether as the extracting 
solvent (Balls, Hale and Harris 1940, Redman and Fisher 1969). The yield of thionin from 
wheat flour, however is limited by the content of lipid in the flour. The addition of 
diacylglycerol to the petroleum ether/flour mixture increases the extractable thionin 
content (Garcia-Olmedo et al 1989).There are few contaminating proteins in this extract 
and it is almost entirely composed of thionins. Both of the procedures however leave the 
crude th ion in material with a significant content of lipid that interferes with subsequent 
chromatography steps. Garcia-Olmedo used preparative electrophoresis to remove the 
lipid, however this used starch gels in aluminium lactate buffer at pH3.5. This is old 
technology that has been superseded by acrylamide gels and the particular buffer solution 
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is not easily prepared. After electrophoresis the thionins were extracted from the gel and 
used as the starting material for either cation or reverse phase chromatography. The 
method developed in this thesis is a modification of the Garcia-Olmedo method that uses 
a different electrophoresis system and more modern high capacity chromatography 
media. 
4.2.1.2.1 Extraction and preparation of petroleum ether solubilised thionins 
Redistilled petroleum ether (60-80°C) was added to 500g of flour (2.5ml/g) and extracted 
for 30min with constant stirring. The stirring was stopped and the slurry let settle for 5 min, 
the yellowish upper layer was filtered through Whatman GFF filter paper and transferred 
to a round bottom flask. The remaining flour was re-extracted with petroleum ether for a 
further 20min and the entire suspension filtered through GFF paper. Both filtrates were 
combined and the petroleum ether evaporated under reduced pressure at 45°C leaving an 
oily slurry. Diacylglycerol was not added because the protein was more difficult to 
precipitate out of the increased volume of oil. The volume of oil was measured and 2 
volumes of 1 M HCL in ethanol were added and mixed by inverting the tube several times. 
The precipitate was collected via centrifugation at 4000G for 3 min and washed three 
times in ethyl ether. The pellets were dried at room temperature in a fume cupboard and 
the pellet was repeatedly broken during drying to speed drying and help prevent localised 
concentrations of lipid. Approximately 250mg of dry powder was obtained from 500g of 
flour. This powder was dissolved in 5ml of 600mM HEPES, 1 mM arginine, 1 OmM acetic 
acid and 10°/o glycerol. 
4.2.1.2.2 Preparative native cathodic electrophoresis removes lipid and anionic proteins 
from the crude starting material 
This is the method of Westermeier (1993b) with slight modifications for vertical apparatus. 
Six 10°/o acrylamide gels were cast in 1OcmX12mm tubes in a gel buffer that consisted of 
600mM HEPES, 1 mM arginine and 1 OmM acetic acid . The anode buffer consisted of 
113mM amino-caproic acid, 1 mM acetic acid and the cathode buffer consisted of 30mM 
Acetic acid. Samples were loaded (1.25ml) in the tubes and one tube was loaded with the 
sample buffer to which 0.001 °/o pyronin Y was added as a loading dye. The pyronin 
marker dye binds to both reverse phase and cation exchange columns and the marker 
dye containing lane was not allowed to elute into the lower tank buffer. 
The gel was loaded and run in a standard tube gel electrophoresis apparatus at 20mA for 
90min. The gel containing the loading dye was stopped before dye eluted into the lower 
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1 tank and the elution of the proteins followed by the refractive index change at the leading 
ion front. Using this system only one protein band was found after silver staining ( data not 
shown). This represented the starting material for the purification. The yield was 100mg of 
crude protein in 100ml, the pH of this material was 7 after electrophoresis. Just prior to 
,./ reverse phase chromatography TFA was added to 0.1 °/o. 
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4.2.1.2.3 Initial separation of thionin variants by reverse phase chromatography 
The additives used in reverse phase can make a great deal of difference in the behaviour 
and elution of proteins from a chromatography column. TFA binds to the amino groups on 
proteins and changes the surface from polar to non polar. TEA binds to acidic groups and 
makes them slightly non polar. These alterations depend on the interactions of the 
proteins with the matrix as well as those with the functional groups and can have a 
profound effect on the chromatographic behaviour of a protein mixture. A 0.1 °/o TEA, 
0.05°/o TFA (pH-10) mobile phase additive was also tested, however this resulted in a 
reduction in resolving power and an oily residue when the samples were dried and was 
not pursued further. 
A Peros, R2 20µM, 4.6mmx100mm column was equilibrated with 0.1 °/o TFA, 5°/o 
acetonitrile in water and 10ml of the electroeluate was loaded at 2ml per min. The column 
was then re-equilibrated with starting buffer and a gradient to 95°/c, acetonitrile + 0.1 °/o 
TFA, was performed over 20 column volumes in 20 min. Fractions were collected every 
0.5min automatically and later analysed by mass spectrometry. A typical chromatogram is 
shown in figure 4.2. 
4.2.1.2.4 Separation of ~pth from a2pth by cation exchange chromatography 
A Bio-Rad MA7S 1OOX19 column was equilibrated in (A) 20mM Na-Citrate pH3.5 buffer at 
4ml/min. The pooled fractions from reverse phase containing ~pth and a2pth (8ml) were 
diluted to 50ml in A and loaded at 4ml/min and re-equilibrated in starting buffer (>3 column 
volumes). Column equilibration was monitored by both UV280 absorbance and 
conductivity. A gradient from 0-1.5M NaCl was run over 20 column volumes at 4ml/min 
and fractions were collected automatically. Fractions containing ~pth (figure 4.3) were 
pooled and stored frozen in small aliquots. 
From figure 4.3 it can be seen that the two peaks overlap to an extent. The material used 
in toxicological experiments consisted of only the leading edge of the peak. The mass 
spectrum of this fraction is shown in figure 4.4 and the SOS-PAGE gel in figure 4.5. Note 
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the complete absence of a peak corresponding to either a 1 or a2 pth in the mass 
spectrum as only the ~pth molecular weight is present. The likely contaminants in the final 
preparation are the other two th ion in types a 1 and a2 at 4932 and 4808MW respectively 
and figure 4.4 shows that these peaks are not present. The SOS-PAGE gel shows that 
there are no high molecular weight contaminants in this preparation (fig 4.5). The loading 
on this gel was 1.25µg and the lower limit of detection using SYPRO-RED is claimed to be 
in the range of 2-5ng per band (Molecular Probes). Using a limit of 1 Ong should give a 
purity of 99.2°/o, though this is an underestimate of purity as extra bands appear with 
increasing thionin loadings because of incomplete reduction and alkylation of the sample. 
This multimerism is seen in the crude starting material run on the same gel (fig 4.5). 
Dilution of this preparation leads to a single band of the same relative migration as the 
final pure protein. Knowing that the ~pth preparation is of high purity is important as the 
toxicology measurements in Chapter 5 cannot be made with confidence unless the 
preparation purity is extremely high. 
For antifungal assays the column eluate was used directly without desalting or other 
preparation as there was no apparent growth effect of the small addition of salt from the 
sample. 
4.2.2 Preliminary method scouting for AL TP1 purification from Arabidopsis leaves 
The method attempted for the extraction of AL TP1 is identical to that of Segura, Moreno 
and Garcia-Olmedo (1993) with subsequent chromatography on divinylbenzene based 
media. Arabidopsis thaliana ecotype Columbia seeds were sown in soil and after 
germination, the plants grown on further for four weeks under natural lighting. Plants were 
harvested directly into liquid nitrogen and ground to a fine powder in a mortar and pestle. 
The frozen powder was extracted with 50mM Tris pH 8 once and with water three times to 
remove soluble proteins. The insoluble pellet was then extracted with 1.5M LiCI for 3h and 
centrifuged at 5000g for 20 min. The salt-soluble cell wall proteins supernatant were then 
dialysed in 2000MW cut-off dialysis tubing against several changes of distilled water to 
remove salt and finally 1 OmM citric acid to adjust the pH close to the chromatography 
conditions. The dialysed fluid was then clarified by centrifugation at 5000g for 30min and 
then passage through a 0.45µm filter to remove precipitated carbohydrates. This material 
was then used for column chromatography as described for thionin purification. The 
protein concentration at this point was approximately 500µg/ml. Figure 4.6 shows a 
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reverse phase chromatogram of the crude material. The reverse phase chromatogram 
clearly shows the presence of many more protein peaks than was reported by Segura, 
Moreno and Garcia-Olmedo (1993). 
The buffers and conditions used for chromatography were nearly identical to those for the 
thionins; only the fractions pooled were different and the cation exchange B buffer 
contained 1 M NaCl instead of 2M. Reverse phase chromatography alone had previously 
been used to purify and obtain N terminal sequence AL TP1 (Segura, Moreno and Garcia-
Olmedo 1993), however the preparation from our material contained significantly more 
protein components and a cation exchange step was added to increase the purification 
factor (fig 4. 7). However protein eluted from the cation exchange column was also a 
complex mixture of different proteins (data not shown). 
The greater complexity of cell wall protein samples could be due to a number of factors. 
The washing steps may not have removed all of the soluble protein from the leaf extract. 
Alternatively the cell wall composition may be slightly different because of the growth 
conditions and may either bind cytoplasmic proteins non specifically or have a greater 
content of cell wall associated proteins. 
4.2.3 Miscellaneous methods 
4.2.3.1 Antifungal assays 
Assays were performed as per Broekaert et al (1990) with slight modifications. Briefly, the 
growth media was 95µ1 of Czapeks dox broth and 5µ1 of protein sample in 96 well 
microtitre plates. Conidia from the fungus Verticillium dahliae (Kleb) were collected in 
sterile water from plate cultures and diluted to 105 per ml. A one tenth volume of the 
conidial suspension was added to the growth medium, the microtitre plate covered in Alfoil 
and placed in a rotating 28°C incubator. Absorbance was measured at 595nm at O and 
48hrs. The difference between the two values was used to calculate the percent inhibition 
of fungal growth relative to controls. The average of three assays, in each of which 5µ1 
samples from each fraction were added to fungal growth medium, were recorded. Errors 
were calculated from the standard deviation of the triplicates. Pseudomonas 
solanacearum was used in a similar manner, using a 48h stationary phase culture diluted 
to approximately 104 bacteria per ml in liquid media (section 3.2.2.1.) and treated 
identically to the Verticillium assays. Table 4.1 shows the antifungal activity of the purified 
~pth against P. solanacearum and V. dah/iae. 
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4.2.3.2 Mass spectrometry 
Samples were dissolved in 40°/o acetonitrile 0.1 °/o TFA if dry; if analysed directly from 
reverse phase they were analysed in eluate. The matrix solution was made by preparing a 
saturated solution of acyano 4 hydroxy cinnamic acid by adding approximately 12mg to an 
Eppendorf tube with 1 ml of 0.1 °/o TFA, 40°/o acetonitrile, the solution vortexed and then 
centrifuged. Bovine insulin (5735.5MW) and a synthetic peptide (1325.5MW) were used 
as standards at 6pmole and 3pmole, per target site, respectively. One µI of sample was 
mixed with 9 of matrix and 2µ1 pipetted onto a stainless steel target. Analysis was done on 
a Varian MALDI-TOF spectrometer using Analysis software interpretation. For accurate 
mass determination, standards were added simultaneously with the sample and an 
internal calibration performed. Laser energy and matrix suppression were varied as 
necessary to gain maximum signal to noise ratio. 
4.2.3.3 Protein determination 
All protein determinations were carried out using the BCA (bicinchoninic acid) reagent 
(Smith et al 1985) in the Pierce SCA protein assay kit. Dilutions of thionin preparations do 
not produce linear absorbance/concentration plots with the common Bradford assay, but 
do with the SCA assay. The microtitre plate SCA protocol was altered such that all 
samples were incubated at 65°C for 30min and the standard curve concentrations were 0, 
50, 100, 150, 200, 250µg of BSA per ml. Absorbance was measured at 590nm in a Lab 
Systems microtitre plate reader. Analysis was done automatically and concentrations 
determined using Lab systems Multi-Scan2. Samples were diluted as required to obtain 
an absorbance value within the absorbance range covered by the concentration 
standards. This method is quick, automated and sensitive, giving a good linear response 
of protein to absorbance. 
4.2.3.4 SOS-PAGE 
Denaturing SOS-Page was performed by a modification of Schagger and von Jagow 
(1987) and Westermeier (1993c). In this procedure acetate is used instead of chloride as 
the counter-ion in the gel and electrophoresis buffers (Westermeier 1993c). Qualitatively 
this results in a significant improvement in resolution. A low Tricine concentration (0.1 M) 
was used to allow sample loading in a vertical apparatus, because the 0.8M Tricine 
recommended for horizontal electrophoresis (Westermeier 1993c) is too dense to allow 
easy sample loading. No ethylene glycol or glycerol was added to the resolving gels in this 
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procedure because it was found to be unnecessary for good resolution in the 5kDa size 
range. 
Samples were boiled for 10 min in a buffer consisting of 50mM Tris pH8.8, 1.5°/oSDS, 
50mM OTT, 15°/o glycerol and .001 °/o Coomassie G-250. After boiling, the samples were 
centrifuged and 1/10th volume of 20°/o iodoacetamide was added and incubated at room 
temperature for 30 min. The reaction with iodacetamide is essential to obtain single bands 
of pure thionin and L TP preparations because of the large number of disulphide bridges 
and their propensity to re-oxidise. 
The anode buffer consisted of 0.1 M Tricine, 0.1 M Tris and 0.1 °/o SOS, the cathode buffer 
was 0.6M Tris-acetate pH 8.3, 0.1 °/o SOS. The gel buffer consisted of 0.3M Tris-acetate 
pH8.0 and 0.1 %i SOS. Gels were poured as 0.75mm thick 16.5°/o separating and 5°/o 
stacking gel and run on a Bio-Rad mini protean II gel system at 20mA constant current for 
2.5h. 
4.2.3.5 SOS Gel staining 
Denaturing gels were stained with SYPRO-RED (Molecular Probes) using a modified 
fixing procedure. If long term visibility was required, gels were fixed in 0.1 o/o 
glutaraldehyde for 15 min, followed by two 15 min washes in 10°/o acetic acid. For quicker 
visualisation gels were fixed in 10°/o TCA, 10°/o acetic acid for 30 min and then washed 
twice for 10 min in 7.5°/o acetic acid. Once fixed, the gels were stained with 1 x SYPRO-
Red in 7.5°/o Acetic acid for 30-60min as per the manufacturer's instructions. Bands were 
visualised via excitation with a standard UV transilluminator and photography with Polaroid 
667 film using a Wratten No25 filter. Exposure varied according to sample loading but was 
normally 2-4s at f5.6 using 1 OOOISO black and white film. This procedure results in 
excellent sensitivity and low background. It works well with thionins which are poorly 
stained with Coomassie and it does not have the high background sometimes associated 
with silver staining methods. 
4.3 Conclusions 
The purification of AL TP1 was not achieved because of limited time and the complexity of 
the starting material. The original report of AL TP 1 purification showed a relatively small 
number of proteins present in the crude extract (Segura, Moreno and Garcia-Olmedo 
1993). However, in this study, both the reverse phase and cation exchange 
chromatography showed a large number of proteins. A successful method could be 
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worked on given time, but the purification of ~pth was given greater priority for 
toxicological measurements in this study. A critical component would be the production of 
an AL TP1 specific antibody to follow the protein through the purification protocol. 
Initial attempts at purifying the thionins from acidic extracts of wheat flour were not 
successful. The protein could be purified from such extracts but the number of steps 
involved was greater than used in the final method and the pure protein was biologically 
inactive. Alternatives were sought and the extraction of thionins into organic solvents was 
used as the first step in the purification. 
Of the two methods that were examined for the removal of lipid from the crude lipid/protein 
extract, one was considerably better at removing lipid and concentrating the protein. 
Garcia-Olmedo, Sotelo, and Garcia-Faure (1968) used acidic ethanol to precipitate the 
thionins from the lipid material extracted with organic solvents. This protocol was modified 
slightly such that the precipitate was washed with ether to remove the lipids and then a 
different preparative electrophoresis system was used to remove the tightly bound lipid 
and anionic proteins. Reverse phase and cation exchange chromatography were needed 
to separate all of the thionin variants from each other. 
The purity of the ~pth preparation was analysed by two methods. The first was MALDI-
TOF, which accurately determines the mass of proteins by the time of protein flight in an 
electric field. This method was used to show that the ~pth preparation did not have 
contamination from a2pth which had previously co-purified and that there were no low 
molecular weight contaminants present in this sample. It also demonstrated that there 
were no protein peaks of similar mass present in the sample. The second technique 
involved the use of Tris-Tricine SOS-PAGE to resolve those proteins that may not have 
been observed by mass spectrometry because of the choice of matrix for resolution of low 
molecular weight compounds. Figure 4.5 shows that the only detectable protein band was 
the thionin band, indicating a preparation with a low background of contamination. 
[Note One examiner did not agree with the use of SYPRO stain and suggested the use of 
coomassie or silver staining. Coomassie does not stain the thionins well as indicated by 
their inability to respond to the Bradford assay (data not shown). Silver staining was 
unable to be performed on the final purified protein due to a contaminant in one of the 
electrophoresis buffers/reagents that resulted in severe background staining. I was unable 
to trace the source of this contamination even after extensive experimentation. The 
SYPRO stain is sensitive and stains the thionins well. Although the gel presented in figure 
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4.5 is not the best picture of the purified product, it was used due to time constraints at the 
end of the thesis preparation time. A f3pth preparation was N terminally sequenced and it 
was from this preparation that the molecular weight (4921) on the mass spectrometer was 
known. Neither of the other examiners had any negative comments on the methodology or 
purity of the sample.] 
The elution order of the thionins from the chromatography media used in this study was 
considerably different to those reported by others (Redman and Fisher 1969, Ohtani et al 
1977). In those studies thionins eluted in the order f3, a 1 followed by a2, but in this study 
a2 and f3 co-purified on reverse phase and resolution of the proteins was not 100°/o 
efficient on subsequent cation exchange. However this method is fast and results in pure 
protein with contaminants at less than 1 °/o. The purification of f3pth to high purity allows 
confident interpretation of the toxicological data in chapter 5. The close sequence 
similarity between the thionin subtypes would imply they have similar toxicology but they 
do differ in their toxicity towards micro-organisms, f3pth being the most toxic of all assayed 
thionins (Molina et al 1993). The increase in killing effectiveness seen in table 4.1 is due to 
the approximate 40 fold increase in activity of the f3 type thionins compared to the a type 
(Molina et al 1993) and as such the two fold increase in purity is significant because 
thionins either sterilise the culture or unable to control microbial growth. 
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Figure 4.1 
Cation exchange chromotography of Sulphuric Acid 
extracted thionins 
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The crude extract was dissolved in 100mM Na-P04 pH6.5 and loaded 
onto a Poros HS column, The column was re-equiibrated in {A) 20mM 
Na-Citrate pH 3.5 and a 20 column gradient to {B) 2M NaCl in A was 
run. The diagonal line is the conductivity trace showing the actual B 
concentration. Compare this to figure 4.8 all the thionins elute in the 
final peak. From the high baseline it can be surmised that this method 
resulted in impure preparations. Extreme column fouling was 
experienced for each chromatography run. 
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Figure 4.2 
Reverse Phase fractionation of crude thionin 
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After electrophoresis section 4.2.1.2.2 the crude thionin mixture 
was adjusted to 0.1 °/o TFA and loaded onto a PorosR2 column. 
After equilibration in (A) 5% to (B) 95% Acetonitrile 0.1 °/o TFA 
was applied. The diagonal line is the Acetonitrile, a 20 column 
volume gradient conductivity trace showing the actual 
concentration of B and protein elution was followed by A280nm. 
Elution positions of thionin subtypes was determined by mass 
spectrometry and are indicated above the peaks. 
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Figure 4.3 
Cation exchange separates f3 from a 2 purothionin 
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The pooled fractions (7-11) (fig 4.2) from reverse phase separation of the 
crude material was loaded after dilution to 50ml in (A) 20mM Na-Citrate 
pH 3.5 and loaded onto a 15ml Bio-Rad MA7S column. A 20 column gradient 
from (A) to (B) 1 M NaCl in 20mM Na-Citrate pH 3.5. The diagonal trace is the 
conductivity relative to 1 OOo/oB, protein elution was monitored using A280nm. 
The position of the thionin sub types was determinedusing mass spectrometry 
and are indicated above the protein peaks. 
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Figure 4.4 
Mass Specton,etry of beta-purothionin preparation 
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The mass spectrum of the ~pth preparation using MALDI-TOF. The peak 
corresponding to bpth is 4923.9 (-1 H+ in ionisation), this is in close agreement 
with the predicted molecular weight of 4921 with disulphide bonds taken into 
account. The peak at 2463.5 is the weight predicted for ~pth+ 2H+, which 
halves the apparent molecular weight because it halves the charge to 
mass ratio of the ion.The upper box shows the raw data, the middle 
the peak centered and baseline corrected data and the lower box 
shows the estimated molecular weight of both peaks. 
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Figure 4.5 
SOS-PAGE of purified and crude thionin using Tris/Tricine gels 
1 2 3 
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3.5kDa 
Lane 1 is the purified ~pth, Lane 2 are molecular weight markers and 
Lane3 is the crude starting material. The gel was stained with Sypro-Red and 
visualised with UV light and photographed. The predicted molecular 
weight of bpth is less than the apparent 6700Da and is due to 
the reactionof free -SH groups with iodoacteamide, adding 
-200Da and the large error in estimating molecular weight of 
small proteins from SOS-Gels. Two micrograms of purethionin and 5 of 
crude were loaded per lane. The three bands observed in the reduced 
crude are probably thionin multimers as they do not appear if the sample 
in a greater volume of loading buffer and correspond with the 
MW of a dimer and trimer. 
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Figure 4.6 
Reverse Phase chromotography of Arabidopsis leaf cell wall proteins 
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Cell wall proteins were extracted as described in the main 
text and loaded onto a Poros R1 column equilibrated in (A) 
5°/o acetonitrile 0.1 °/o TFA. Elution was carried out with a 
gradient to (8) 95°/o acetonitrile 0.1 °/o TFA. The diagonal line 
is the conductance trace relative to the concentration of B, 
while protein elution was followed by absorbance at 280nm. 
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Figure 4.7 
Cation exchange of cell wall protein from Arabidopsis leaf 
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Cell wall proteins liberated by a high salt wash were dialysed against 
distilled water and then1 OmM Citric acid. Fifty ml of this extract was loaded 
onto a PorosHS column and re-equilibratedin (a) 20mM Na-Citrate pH3.5 before 
a gradient over 20 column volumes was run to 100°/c, (8)1 M NaCl in A. The 
diagonal line is the conductivity trace relative to 100°/c, Band protein elution 
was monitored by A280. 
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Figure 4.8 
Cation exchange of crude thionin on Poros HS 
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After electrophoresis, section 4.2.1.2.2, the thionin mixture 
was dialysed against distilled water, then 1 OmM Citric acid . 
The column was and equilibrated in 20mM Na-Citrate pH 3.5 
and proteins eluted by 20 column volume gradient to 2M 
NaCl in 20mM Na-Citrate pH 3.5. The diagonal line is the 
conductivity trace showing the actual NaCl concentration, 
protein elution was followed by absorbance at 280nm. This 
chromotgraphy media was unable to resolve the three known 
thionin types present in this mixture. 
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Table 4.1 
Purification of ~pth, antimicrobial activity of 
intermediate steps of purification 
Percentage growth inhibition 
Pathogen Crude Reverse Phase MA7S 
V. dahliae 100 100 100 
P. solanacearum 0 0 100 
Growth assays were performed as in section 4.2.4.1. The 
protein concentration was 1 Oµg/ml in all samples. This assay 
shows a clear difference in sensitivity of the two pathogens to 
thionin application. Previous reports of P. solanacearum 
activity indicate some strains are markedly more tolerant to 
ppth than other isolates (Pineiro et al 1995) and from this strain 
(6397) may be more tolerant as well. [Note One examiner did not 
like this table claiming that there should be a full traditional purification 
table here. One of the main wishes was to have specific activity at each 
stage. This is impossible to achieve, the control of fungal growth rate 
is negatively effected by lipid which is removed from the sample during 
purification and positively effected by the increasing purity of the sample. 
Defining a unit of activity of this protein is conceptually diffcult and 
practically immpossible.] 
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Thionins kill microbes by formation of ion 
channels 
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Thionins kill microbes by formation of ion channels 
5.1 Biological role of thionins 
The first reports of antimicrobial activity present in wheat flour were made as early as 
1885 (Florack and Stiekema 1994). It was not until the 1940's that the substances causing 
this effect were identified as wh,at we now call thionins (Redman and Fisher 1969). 
Chemists working with organic solvent-extractable material identified a class of small 
proteins ("protamine" in the original reports) which survived the harsh organic extraction 
through association with lipid. Once the lipid was removed the protein was biologically 
active and able to kill micro organisms (De Calaya, Ganzales-Pascual and Garcia-Olmedo 
1972). This led to the proposal that these proteins were present in the seed to protect it 
"'I and possibly the seedling from microbial attack (De Calaya, Ganzales-Pascual and 
I 
'Iii 
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Garcia-Olmedo 1972). 
Thionins can form up to 20% of the protein content of wheat flour (Garcia-Olmedo et al 
1989); this together with their high content of lysine and cysteine has led to the proposal 
that they are primarily storage proteins that supply biochemical building blocks to the 
germinating seed but have subsequently evolved a different role. This hypothesis is 
supported by the existence of thionins belonging to the Crambin class. Crambins are 
found in the seeds of the abysinnian cabbage (Abyssinia crambe) and lack antimicrobial 
activity despite sharing extensive homology with cereal thionins at the primary, secondary 
and especially the tertiary structural levels. 
During the mid 1980's a new class of thionin, later termed type 11 thionins, were found as a 
cDNA isolated from etiolated barley leaves (Gausing 1987). These thionins were soon to 
be called leaf specific thionins and differed in minor respects from those that are found in 
the endosperm. They have a slightly longer loop in the helix loop helix stem (see appendix 
1 for ~pth structure) and have a slightly greater content of acidic amino acids (almost 
absent from endosperm type I thionins). These leaf specific thionins are toxic and their low 
abundance makes it more difficult to assign a role solely as storage proteins in the leaves 
of cereals. 
The toxicity of leaf specific thionins to fungi and bacteria in vitro (Bohlmann et al 1988) is 
further evidence for a role in the defence of plants against pathogen attack. Leaf specific 
thionins, however, do not map to any currently known resistance locus nor are they up 
regulated as a group during pathogen infection like pathogenesis response proteins 
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(Bohlmann et al 1988). Evidence has accumulated however to show that some cell wall 
bound leaf thionins do change distribution upon infection with an incompatible pathogen 
(Ebrahim-Nesbat et al 1989) and different leaf specific thionin subclasses are differentially 
up-regulated during pathogen infection although the total transcript level remains 
unchanged (Ebrahim-Nesbat et al 1989). These thionin variants may represent a class of 
defence molecules that are constitutively expressed and are termed pre-infection defence 
proteins (Epple, Apel and Bohlmann 1997). 
The thionins are generally located in the vacuole of the plant cell and the cDNA sequence 
reported in this thesis (section 2.2.1.2, figure 2.1) contains a large putative vacuolar 
targeting peptide. Removal of this signal results in extremely low expression in transgenic 
tobacco (Florack et al 1994) and the resulting protein does not appear to leave the 
endoplasmic reticulum. Why these presumed defence molecules have a cellular location 
which limits their contact with pathogens is not known. However data presented in the 
following sections suggests a possible explanation. 
The best evidence for a role of thionins in plant defence has come from transgenic 
expression of thionin genes in plants and testing for resistance to pathogen infection. 
Carmona et al (1993) showed that expression of a 1 Hordothionin in transgenic tobacco 
led to an increase in resistance to the pathogen Pseudomonas syringae. Over expression 
of an endogenous leaf thionin in Arabidopsis thaliana resulted in an increase in resistance 
to the pathogen Fusarium oxysporum (Eple, Apel and Bohlmann 1997). Concurrently with 
this study, Charity (1996) expressed f3hth in transgenic tobacco and was able to showed 
increased tolerance to both P. solanacearum and Botyritis cinerea 
On reflection, it is probable that thionins are defence proteins with now a secondary role 
as storage proteins. Seeds represent an excellent source of carbon and other elements 
for microbial growth and are the means by which cereals survive between generations. It 
makes sense that the seed would contain high levels of protection against pathogen and 
microbial growth. There are considerable numbers of antimicrobial proteins present in 
flour, aside from the thionins, including, L TP's, RI P's, and chitinases (Leah et al 1991, 
Polya et al 1992). Balancing this defensive reserve is the energy expended producing and 
storing these defence proteins and it makes sense that they should also serve as general 
storage reserves. 
5.2 
I 
How thionins actually kill microbes still remains a mystery. If we could understand their 
mode of action we might be better able to engineer them for the defence of crop plants 
against pathogens. The types of questions that need to be asked are; where do they act 
to kill cells and what cellular processes do they interfere with. One of the most startling 
facts in thionin toxicology is the range of cell types that are susceptible and little or no 
resistance to thionins has yet been observed suggesting that their mode of action is quite 
ii/ general and might be biophysical in nature. 
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5.2 Toxicology 
While not as well studied as peptide antibiotics such as Nigericin, Gramicidin, Mellitin, and 
Valinomycin a number of papers report on the toxicology of various thionin variants to 
microbes and animals. A recent review by Florack and Stiekema (1994) listed the 
observed effects, biological and biochemical, so far attributed to thionins (Table 1 ). Most 
determinations report LD50's on different animals and a variety of micro organisms while 
others measure specific effects on various biological systems to determine the 
mechanism of thionin's toxic action and it is these that will be reviewed in detail. 
5.2.1 Pyrularia thionin toxicology 
Toxicologically the best studied thionin is the leaf specific type II thionin from Pyrularia 
pubera isolated by Evett, Donaldson and Vernon (1986). Pyrularia pubera is a parasitic 
plant of the order Santa/es to which belong the mistletoes which produce viscotoxins type 
IV thionins. A number of experiments were performed, mainly on erythrocytes, to 
ii determine the mode of action of this protein. Pyru/aria thionin increases the activity of 
I 
··1 
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endogenous Phospholipase A2 (PLA2) activity in mouse fibroblast cells (Osorio e Castro, 
van Kuiken and Vernon 1989, Angerhofer, Shier and Vernon 1990). The activity of this 
enzyme is normally associated with second messenger signalling in higher eukaryotes 
(Osorio e Castro, van Kuiken and Vernon 1989) and the activation of this enzyme would 
interfere with normal cellular function. 
The addition of calcium to the incubation medium has been reported to reduce the number 
of binding sites for thionins on erythrocyte membranes and an alteration in membrane 
permeability was observed after thionin binding (Vernon and Rogers 1992b). For both type 
I and 11 thionins, workers have measured leakage of ions after adding thionin to the cells. 
It has also been noted that divalent metal ions inhibit the toxicity to such an extent that 2-
5.3 
5mM Ca2+ is enough to completely protect cells (Molina et al 1993). Phosphate has also 
been shown to protect thionin from this effect and to increase the general level of toxicity 
in the absence of divalent ions (Vernon and Rogers 1992a). This sensitivity to calcium and 
''I activation in the presence of chelators suggests that electrostatic interactions are 
/ important in the toxicology of thionins. 
I 
,I An important finding has been that the iodination of Pyrularia thionin leads to a loss of 
I 
'.1 toxicity and confers an ability to competitively inhibit the toxicity of native thionin (Fracki et 
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al 1992). This observation repeated an earlier one by Wada, Matsubara and Yoshizumi 
(1982) that extensive iodination of a type I th ion in a 1 Purothionin led to its biological 
inactivation. There are three potential sites for iodination on thionins of type I and II , two 
threonines and a tyrosine. Using NMR, Fracki et al (1992) showed it was not until the 
tyrosine at position 13 was iodinated that the protein became inactive. The tyrosine was 
relatively resistant to iodination and both threonines were doubly iodinated before tyr13 
was singly iodinated. These iodination data may be functionally significant because 
crambins lack tyr13 and are non toxic. In all toxic thionins both the tyr13 residue and those 
immediately surrounding it are conserved (see figure 1.1 and appendix 1 ). 
While the Pyrularia experiments have produced some very interesting data, no conclusive 
evidence for a mode of action has been presented, no receptor on the membrane has 
been detected and no inhibition or activation of membrane components has been 
observed. The most significant results in terms of the mode of action are that membrane 
permeability changes following thionin binding and that calcium inhibits both the activity 
and binding of the thionins to membranes. 
5.2.2 Toxicology of type I thionins 
Type I thionins have been investigated by several workers. One measured biochemical 
effect is that thionins irreversibly inactivate the bacterial enzyme f3glucuronidase activity in 
vitro (Diaz, Carmona and Garcia-Olmedo 1992). While it is interesting that thionins cause 
this effect, it is difficult to envisage how the inactivation of a minor and dispensable 
enzyme in metabolism would result in cell death at the relatively low concentrations at 
which thionins kill cells. This is probably a non specific effect resulting from the unusual 
physical properties of the thionins. 
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Another reported effect of thionin is to prevent mRNA translation at the point of chain 
elongation in vitro (Bruemmer, Thole and Kloppstech 1994). While this evidence would 
provide a convincing mode of action, two questions arise. Do all thionins actually enter 
cells and thus have the opportunity to contact the ribosomes? The answer to this is 
currently unknown, but Pyrularia thionin does not penetrate the lipid membrane (Wall et al 
1995). The other question is that of concentration. Inhibition of translation requires 
>20µg/ml for 50%, inhibition which is well above the concentration required for 50°/o growth 
inhibition in antifungal assays. The inhibition is also positively correlated with the RNA 
concentration which makes it even more unlikely as the mode of action. Many of the 
biochemical effects may simply be due to interference with reactions due to the basic 
amphipathic nature of thionins. 
Type I thionins have been reported to cause leakage of ions from cultured mammalian 
cells (Carrasco et al 1981) and fungal hyphae (Thevissen et al 1996). These experiments 
reinforce the observations with Pyrularia thionin. Membrane disruption is a consistently 
measured effect of thionin treatment of cells. The mechanism of this disruption has 
remained unexplained, though many workers have proposed theoretical models, actual 
experimental evidence is scarce. 
Another unusual property of thionins is that they are able to substitute for glutathione in 
vitro and selectively cross link to proteins via disulphide linkages (Hajizadeh et al 1991 ). 
Pineiro et al (1995) showed that thionins could cross link with sulphydryl containing 
proteins in vitro and could interact with a specific cell membrane component from P. 
solanacearum. Again these experiments were generally carried out at concentrations in 
excess of those required to kill cells (40µM Vs <1 µM to kill P. solanacearum). The authors 
explain the significance of a single selective band conjugated to thionins, from a resistant 
P. solanacearum strain, as possibly being a membrane protein that mediates resistance. 
However no data presented were from sensitive strains to confirm the absence or 
presence of this band in other strains or other microbes. This may be a non specific 
property of disulphide exchange using one or more of the 4 disulphide bridges in type I 
thionins . 
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5.2.3 Ion channel activity of thionins 
The possibility that thionins form ion pores was first proposed by Oka et al in 1987. This 
paper claimed alignment of thionin sequences with epidermal growth factor like proteins 
suggested that they would form ion permeable pores in lipid membranes. The evidence 
put forward in this paper was by examining mouse fibroblasts, using electron microscopy 
and showing that thionins produce holes in the membrane and cause cell death. The 
sequence alignment in this paper has been questioned by several workers (Florack and 
Stiekema (1994), Bohlmann (1994)) and many gaps were introduced in the sequence to 
obtain only a very limited degree of homo.logy. Recently this view has received more 
attention with one review dismissing it entirely (Bohlmann 1994) and, while the 
measurements reported in this chapter were being performed, a paper was published 
which claimed to have demonstrated that no ion permeable pores were formed by thionins 
in artificial bilayers (Thevissen et al 1996). 
This group of workers tested the theory that thionins and a radish antifungal protein 
(RsAFP2) formed pores through membranes (Thevissen et al 1996). Three sets of data 
were collected; the change in K+, Ca2+ and H+ concentration after treatment, the \V 
(membrane potential) in fungi before and after treatment and the conductance of artificial 
lipid bilayers after the addition of protein to the surrounding medium. Both thionins and 
RsAFP2 cause leakage of K+ from cells with a concomitant movement of H+ into the cell. 
Thionins did not cause long term changes in Ca2+ concentrations across cell membranes, 
but RsAFP2 did. The measurement of \V of the fungi (Neurospora crassa) showed that the 
measured membrane potential was remarkably high, -178mV. Many of the effects that 
were measured by these workers are consistent with the formation of ion pores by these 
proteins, however they conclude that pores are not formed. 
In this chapter, I present results of experiments that were performed to determine if 
thionins do actually form pores through membranes and characterise the nature and 
physical properties of these pores. 
5.3 Biophysical characteristics of proteins interacting with artificial lipid bilayers 
The measurement of current through artificial bilayers is an old technique going back to 
the start of membrane characterisation (Benz et al 1978) and has largely been 
superseded by modern patch clamping techniques. It is still an informative technique 
ii because it allows the measurement of the effect of adding a protein or protein mixture to 
defined membranes in isolation from all other sources of ion channel activity. 
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5.3.1 Experimental apparatus 
The experimental apparatus consisted of two small teflon blocks, one large (the bath) 
which had two circular holes milled into it such that the second teflon block (the cup) could 
be placed to form two compartments. The compartments were separated by the thin wall 
of the cup. A small hole was burnt through the cup wall with an electric spark and 
repeated until the hole was approximately 1 OOµm and appeared smooth sided with no 
rough edges. Two silver chloride electrodes covered by Agar plugs in 1 mm internal 
diameter plastic tubes were inserted into the bath/cup assembly. One was used as the 
ground electrode (cis chamber) and the other (trans) was connected to a high gain 
amplifier. The agar solution was 1 %, agar in 500mM NaCl. Electrode plugs were changed 
for each day's experiments and electrodes re-blackened as necessary in 36°/o (w/v) 
sodium hypochlorite. Usually the electrodes were left overnight in this solution. 
The trans electrode was connected to a high gain amplifier and subsequently to a low 
pass filter (operated at 200Hz for all experiments), an oscilloscope to view data live, and 
prior to digitising, a VCR to collect amplified unfiltered data for data storage and a 
computer to enable analysis and digitisation of the data. A microphone and amplifier were 
used to add voice recordings during an experiment. All changes in voltage and gain were 
noted by voice on the video tape itself 
5.3.2 Experimental protocol 
Lipid was obtained from Avanti Biochemicals and dried under a nitrogen stream before 
being dissolved in 115th of the starting volume of n-decane. The lipid used in these 
experiments was mixed in two ratios, phosphatidylserine (PS): phosphatidylethanolamine 
(PE): phophatidylcholine (PC) 2:2: 1 and PE:PC 2: 1. These lipids have differing charge, PS 
being negative, PE being slightly acidic and PC being neutral, so the ratios chosen have 
very different charge densities and head group properties. 
The solutions used in this experiment were buffered with 1 OmM MES pH6 and contained 
either KCI or NaCl at concentrations of 1 OOmM (cis) and 1 OmM (trans). The solutions 
were brought to the correct pH with either KOH for KCI solutions and NaOH for NaCl 
solutions. These solutions were added to the cis and trans chambers before bilayer 
formation and the electrode offset adjusted such that the pre bilayer voltage reading was 
OmV. Protein was always added to the cis chamber after a bilayer had been "painted" and 
tested for sealing. 
5.7 
An artificial bilayer was painted by placing the sealed end of a small glass capillary tube 
into the lipid/decane solution and then carefully passing the sealed end across the small 
aperture between the two chambers. The formation of a bilayer was monitored by the 
change in capacitance across the hole between the two chambers. To test this a voltage 
ramp was passed between the two electrodes. When a bilayer had formed the ramp gave 
a current that was recorded on the oscilloscope and the height of the current pulse an 
indication of the area and thickness of the bilayer. The seal was tested by observing the 
pre and post test pulse current levels and only bilayers in which there was no pre/post 
current differences were used in these experiments. 
After the protein was added, the chamber contents were stirred by small magnetic stirrer 
bars and a standard magnetic driver. The time of stirring was kept brief and slow to avoid 
disruption of the bilayer by mechanical forces. 
To test for channel activity, protein was first added to the cis chamber and stirred briefly. 
The bilayer was then held at -80mV (trans relative to cis) until transient current steps were 
observed. Data for IN (current Vs voltage) curves were collected by manually switching 
the potential in 1 OmV steps from -80 to 80mV and recording activity for -2min per 
potential. The effect of adding Ca2+ was made by adding 1 OµI of 1 M CaCl2 (1 OmM final) to 
the cis chamber and stirring while the holding potential was maintained at -80mV. An 
attempt to remove free calcium by adding a 20°/o molar excess of EGTA (12mM final) 
relative to Ca2+ or by adding molar excess of Na2HP04 (20mM final Po/-) while holding 
the potential at -80mV. To examine the conductance as the potential was rapidly changed 
from negative to positive, current was recorded at -80mV until channel activity appeared 
and then the potential was changed rapidly to +80mV. 
Data selected for digitising was first captured using the program Capture and then 
analysed using the program Channel2. Average current measurements for IN curves 
were taken over a time of at least 1 Os. 
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An important property of an ion channel is its ion-selectivity. This was measured by 
placing asymmetric concentrations of ions on either side of the membrane. The theoretical 
equilibrium potential for an ionic solution can be calculated from the Nernst equation 
\J' = 2.3 RT lo [X1] 
F g [X
2
] 
where R = the gas constant 8.314jK-1M-1 
T = absolute temperature in degrees Kelvin (298 at 25°C) 
F = Faraday's constant 9.648x1 o4cM-1 
x
1 
and x2 are the differing concentrations of the same ion 
= 2_3 8.314x298 log [X1] 
9.648X1 o4 [X2] 
= 0.05909109 [X1] V 
[X2] 
or= 59.09109 [X1] mV 
[X2] 
For an x1 of 1 OOmM and an x2 of 1 OmM this becomes 
\J' = 59.09109 
100 
10 
= 59.09log10 
= 59.09mV 
In these experiments, the equilibrium potential for the monovalent cation would be +59mV 
and for the monovalent anion -59mV. The use of asymmetric concentrations of ions is 
important. If the concentrations are equal, the equilibrium potential from the above 
equation would be OmV and it would not be possible to determine what ion was being 
conducted across the channels in the bilayer. A plot of current Vs voltage produces a 
curve with an X axis intercept (reversal potential) that determines the selectivity of the 
pore. The reversal potential is not normally equal to the calculated equilibrium potential. 
Most channels or pores allow flow of more than one ion and the reversal potential can give 
information on this. 
5.4 Results and Discussion 
5.4.1 Physical characteristics of thionin interactions with membranes 
Figure 5.1 (A) shows current flowing across a bilayer (PS:PE:PC 2:2:1) held at -80mV in 
the presence of 3µg/ml J3pth added to the cis chamber. The cis solution contained 1 OOmM 
NaCl and the trans solution 1 OmM. The appearance of these "spiky" changes in current 
shows that ion selective pores are being formed. The spikes are due to the random 
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opening and closing of many pores, however their properties or the large number of 
"active" pores, prevents the observation of discrete pore openings. When the current is 
rapidly switched to +80mV (fig 5.1A) there is a rapid decline in current, indicating that the 
pores are switching off. Figure 5.1 (8) shows currents recorded from another bilayer with 
a 1 OOmM: 1 OmM KCI gradient at -40 and +40 mV. Current is downward ( cis to trans) at the 
negative potentials and upward (trans to cis) at positive potentials. There was a short time 
lag after which rapid switching off to zero conductance at positive potentials was 
observed. Nearly all traces showed this behaviour either with NaCl or KCI. Occasionally, 
during periods of intense activity at negative potentials , rapidly switching to positive 
potentials resulted in upward openings which would continue. The upward openings 
steadily inactivated with time and eventually (after 1-2 minutes) returned to zero. After 
prolonged periods at positive potentials a considerable lag time was found before 
channels were seen again at negative potentials which was similar to the lag time for the 
initial channels to form. 
Figure 5.2 shows the current-voltage (IN) curves for asymmetric NaCl (A) and KCI (B) 
solutions. The reversal potential is on the positive side of the axes for both combinations 
between 20 and 40mV indicating that thionin induced pores are cation selective. By 
observing the potential at which little or no current was found, the reversal potential was 
found to be about 25mV for both NaCl and KCI. The current decreases at positive 
potential for both cations. 
Figure 5.3 shows the differences in pore behaviour in PS- and non-PS-containing bilayers 
with ~pth at the same protein concentration. The current flow is approximately equal in 
each case , but the pores in the non PS bilayer are more regular and open for the majority 
of the time. Figure 5.4 shows the potential switching behaviour of ~pth in a non PS bilayer. 
Note that unlike figure 5.1 , there is no step to zero conductance and the openings now 
appear as more discrete steps in current. The base level shown (zero) is that of the 
constantly open state, and if the trace is followed for a sufficiently long time occasional 
discrete cl'osings above this level were seen. This observation is true for the data from PS 
containing: bilayers ; when activity reduced/stopped for a short period of time the base l:evel 
returned to zero. The IN presented in figure 5.5 is different from the IN curves in figure 
5.2 because several square openings were averag:ed for each potential: and the averages 
used to construct the IN curve. There were still several levels of conductance and the 
largest opening:s were used at each voltage to calcul:ate the data for the IN curve. The 
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conductance of the pores rectifies in a similar manner to the PS containing bilayers but do 
not shut off at higher positive potentials. The pores formed through non PS containing 
bilayers do conduct current at higher positive voltages than those in PS bilayers. There 
was no stepping to zero current at positive potentials or time lag for channel re-
appearance when switched back to negative potentials. 
Figure 5.6 shows the effect of adding CaCl2 to a bilayer which was showing channel 
activity after the addition of the thionin. The bilayer was maintained at -BOmV and 
concentrated CaCl2 added to give a final concentration of approximately 1 OmM. The 
switching off is dramatic and does not return even after extended periods of time. Addition 
of 12mM EGTA did not reverse the effect after 1 h. Partial reversal was observed after 
addition of NaH2P04 to a final concentration of approximately 20mM, but levels of activity 
did not return to pre Ca2+ levels. The inhibition by Ca2+ was not seen in bilayers made 
without the PS. Addition of Ca2+ in PE: PV bilayers did not result in inhibition of current 
activity (not shown). 
5.4.2 Thionins form ion selective pores in artificial bilayers 
The physical properties of the f3pth-induced pores for cations characterised in section 
5.4.1 show that f3pth does bind to an artificial bilayer and makes ion channels across the 
membrane. These ion channels are ion selective showing a preference for cations and are 
modulated by voltage. The measurable deflections of current indicate that only one of the 
two ions in solution is being conducted, as equally permeable ion conductance would give 
net zero charge transfer and thus no net current. The flow of either ion can produce 
current flow in the observed directions (i.e. downward at negative and upward at positive 
potentials) but the ion movement would be in opposite directions. 
The rapid reduction of conductance to zero at positive potentials in PS containing bilayers 
may be due to the charge on f3pth (+8). When a positive potential is applied the charged 
f3pth molecule would have an EMF (electro motive force) applied to it which would drive it 
from the membrane. This would explain the step down to zero conductance, as each 
active pore leaves the active state it would move away and not be able to re-activate. The 
results for the non PS containing bilayers indicate that the interactions between a bilayer 
and thionins is complex and the stability of a pore complex in a near neutral bilayer may 
11 be more stable because of the stronger thionin/thionin interactions. The thionin need not 
I 
1 leave the bilayer for inactivation and may still remain on its surface. It is theorised that 
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many small proteinaceous antimicrobial peptides bind to the surface of the target before 
insertion (Vernon et al (1992b), Huang et al (1997), Ludtke et al (1996)). 
This rapid switching off at positive potentials explains observations made by two research 
groups. Thionins are vacuolar targeted proteins, this at first would seem to be counter 
productive to their presumed role in plant defence. However if the thionins were present at 
high free concentrations outside the cell they would be toxic to the host plant. The 
potential across the vacuolar membrane is positive (inside to outside) that the thionins 
would be unable to form pores across the membrane depending on membrane 
composition. The presence of thionins in the cell wall of barley (Ebrahim-Nesbat et al 
1989) would seem to indicate that some thionin is present outside of the cell. However if 
this protein is bound tightly to the cell wall it would not be released until a pathogen lysed 
the cell wall releasing the toxin directly onto the pathogen. 
The IN curves presented in fig 5.2 for bilayers with asymmetric NaCl and KCI solutions 
showed that the reversal potential is on the positive side and is near 30mV for both salts . 
The shift of reversal potential from the theoretical reversal of a perfect cation channel of 
+59mV to -30mV for either cation shows the pores formed also have significant 
permeability to chloride ions. Many small protein channels have selectivity parameters 
well below the theoretical infinity. 
All the IN curves (figures 5.2 and 5.5) show rectification. The slope is greater at negative 
potentials than at positive potentials. There are several factors which may cause this 
effect. One possibility is that there are more protein pores attached to the membrane at 
negative potentials. The positive charge on f3pth and the direction of the potential favour 
this association increasing the binding of protein to the membrane and not necessarily 
altering the probability of pore opening or pore conductance. 
As the potential is made increasingly negative, the probability of the pores being open 
may change, this would mean a longer time for each opening and less time between 
openings. The sampling method for fig 5.2 does bias towards this by using average 
current. However the curve in fig 5.5 still shows this rectification and this data was 
collected by analysing single square openings and not averaging over a constant period of 
time. 
Another possibility is that the conductance of the bilayer changes with the applied voltage. 
Most of the ion pore forming small peptides conduct current in multiple conductance 
states (Kagan et al 1990, Pawlak et al 1994); this is not readily apparent in PS containing 
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bilayers but in non PS bilayers there are at least two conductance sub-states. Rectification 
could be brought about by the potential dependent elimination of larger conducting states 
at high positive potentials. Alternatively it could result from the appearance of states of 
greater conductivity at negative potentials. 
The IN curve presented in fig 5.5 shows rectification but was from "single" square 
openings and this would apparently argue against increased numbers of pores in the 
bilayer causing rectification. It may be possible for rectification to be caused by more 
protein in the bilayer but higher order groupings of pores would need to act co-ordinately 
to explain both the 'square' openings and rectification. 
Magainin and other peptides have been shown to have non linear IN curves and other 
measurements have shown that their binding to the lipid bilayer is co-operative and 
potential-dependent (Westerhoff et al 1989). This effect would see parallels for the 
thionins in the rapid switch to channel activity observed and the non linear nature of dose 
response curves and IN curves (Molina et al 1993). 
5.4.3 Thionins appear to act co-operatively to form ion permeable pores 
The possibility of co-operative binding for thionins is a potentially useful concept. Melittin 
and magainin do not show linear dose response curves in bioassays but are sigmoidal. 
This combined with their non linear IN curves has been used to argue that their binding to 
the lipid surface is co-operative. The published toxicity dose response curves for thionins 
reported by Molina et al (1993) showed sigmoidal responses for all organisms tested. The 
channel activity in this study displayed an abrupt change from non conducting to 
ii, conducting, indicating that a large amount of active thionin was inserted into the bilayer at 
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the same time. This is indirect evidence that thionin activity is co-operative. 
When the potential was held constant as an experiment started, there was no pore activity 
and slowly over a period of minutes the activity increased until a point is reached where 
the current abruptly increased. There are several mechanisms that may explain this 
behaviour. The most likely is that association of the protein into a "potential pore forming 
unit" may be the slowest aspect of the interaction. It may take time for enough of the 
protein to interact with the membrane and the bound protein concentration to reach a 
critical point where pores are formed. This explanation requires the net adsorption of 
protein onto the membrane because if the concentration was already high enough to form 
channels there would be no or little lag time for pore formation. The bilayer must therefore 
attract the protein and protein binding must be energetically favourable. 
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The membrane attraction has some circumstantial evidence supporting it. The lag time for 
bilayers containing PS was considerably less than in the non PS containing bilayers, 
indicating a favourable attraction to the bilayer surface. Pyrularia thionin shows more 
binding sites to erythrocyte ghosts than whole erythrocytes. The authors site the loss of 
PS distribution asymmetry and hence a change in charge distribution, as a possible 
explanation for the difference (Vernon 1992). Thionins are known to bind lipid and are 
extracted with significant quantities of PE and PC from flour (Garcia-Olmedo et al 1989). 
An alternative explanation is that each individual unit (monomer, dimer etc) may disturb 
the surface of the bilayer in the area surrounding it, reducing the energy barrier for binding 
of further units leading to a co-operative addition of protein to the bilayer. The organisation 
of a lipid membrane alters when Pyrularia thionin is added, increasing the order of the 
bilayer (Osorio e castro et al 1990). It is possible that this increase in order prevents of 
lipid diffusion by the binding of thionin to the lipid head groups and which would result in 
stabilised rafts of lipid around which the disorder would increase. The evidence can 
support both mechanisms operating in the toxicity of ~pth and it may be that both are part 
of the binding of thionins to lipid bilayers. 
5.4.4 Divalent cations inhibit both the pore activity and in vivo toxicity of thionins 
It has been noted by many authors that the addition of certain ions to the growth medium 
significantly alters the toxicity of thionins (Vernon and Rogers 1992a, Terras et al 1992, 
Molina et al 1993). Most commonly, the addition of Ca2+ reduces the observed toxicity at 
2mM and completely inhibits toxicity above 5mM. Addition of phosphate or pre treatment 
of cells with EGTA increases the toxic effects of Pyrularia thionin on erythrocytes (Vernon 
and Rogers 1992a). The addition of Ca2+ to bacterial or fungal growth media inhibits the 
toxicity of ~pth used in this study. To test if adding Ca2+ also inhibited pore forming activity, 
concentrated calcium chloride was added to a final concentration of 1 OmM, to an artificial 
bilayer in which thionin induced pore activity was already present (fig 5.6). This addition 
resulted in the complete cessation of pore activity. This is an important observation 
because it shows channel activity is inhibited at the same levels of Ca2+ that inhibit the in 
vitro toxic activity of thionins. 
In bilayers containing none of the negatively charged lipid PS, Ca2+ mediated inhibition is 
not observed. It has been argued in the past that the inhibition of toxicity by Ca2+ was due 
to the screening of charge on the surface of the lipid (Vernon and Rogers 1992b). 
However the inhibition was not reversed by the addition of EGTA and only mildly reversed 
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in the presence of phosphate. This apparent irreversibility of the inhibition is not consistent 
with the proposal that it is charge screening, but it is difficult to explain the inhibition in 
other ways. 
The absence of the Ca2+ effect in non PS bilayers together with the change in channel 
opening properties shows that the surface charge context of thionin binding is important. 
There is a single report of irreversible thionin toxicity (Angerhofer, Shier and Vernon 
1990), where the addition of Ca2+ after adding thionin did not protect cells. The blood of 
mammals contains approximately 2-4mM Ca2+ and thionins are still toxic when injected 
into mice, guinea pigs and rats (Oka et al 1992). This was previously difficult to explain as 
the Ca2+ concentration should be high enough to protect the animal from toxic effects. 
However the fact that pore activity can be found in the presence of added Ca2+, depending 
on the lipid composition of the membrane, explains this result and reinforces the previous 
result of Angerhofer, Shier and Vernon (1990) that thionin toxicity is not always inhibited. 
1: The different interaction seen in non PS bilayers indicates that the surface interaction is 
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important and to some extent defines the properties of the pore. In these bilayers the pore 
openings are longer and appear as unitary steps with some conductance sub states. This 
is not readily apparent in PS-containing bilayers because the channel openings appear 
much shorter and do not close in unitary steps. This could however be a concentration 
dependency, the negatively charged PS bilayers may attract more protein and so the 
number of pore openings may increase. However the absolute magnitude of the current 
flow is similar in both cases and this is not consistent with the proposition that more 
protein binds. What modulates this effect is not readily apparent and further studies in this 
area would help elucidate the context of thionin binding to membranes. 
5.4.5 Thionin sensitivity may be modulated by factors affecting pore conductance and 
binding to the plasma membrane 
The mild differences between the cellular sensitivities to thionins could be modulated in 
several ways. From figures 5.2 and 5.5 it can be seen that the bilayer conductance 
increases non linearly with decreasing (negative) potential. Thus the greater the \J1 the 
greater would be the induced flow of ions. Bacteria and fungi have higher average \J1 than 
do mammalian cells and are more sensitive to thionin application (Florack and Stiekema 
1994, Hernandez-Lucas et al 1986 and Vernon and Rogers 1992b). The \J1 of a the fungus 
(N. crassa) was measured at approximately -180mV (Thevissen et al 1996). At this 
potential in the presence of f3pth the artificial bilayer breaks down completely., Bacteria 
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were protected from the toxic action of other pore forming peptides by agents which 
reduced the ~ 'l!' (Kagan et al 1990), and anaerobic mitochondria were protected while 
aerobic ones remained sensitive (Westerhoff et al 1989). Chemicals such as CCCP 
deplete the membrane potential by the transport of protons across the bilayer by a 
! diffusion process, anaerobic mitochondria have a significantly reduced membrane 
I potential compared to aerobic ones, from the rectification seen in the IN curves, this 
'I 
11: would lead to smaller ion pores and less disturbance to ionic equilibrium. 
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Bacteria and fungi have a higher average content of negative lipid in the outer envelope of 
the plasma membrane than do mammalian cells. This greater content of negative charges 
would help the association of f3pth with the cell surface and lower the effective 
concentration required to kill these cells. The redistribution of PS in erythrocyte ghosts and 
the greater availability of binding sites for Pyrularia thionin (Vernon and Rogers 1992a) 
would indicate the potential for membrane composition to significantly modulate activity. 
The increase in partitioning of thionins into the membrane may then increase the rate of 
the ion leakage ahead of the lytic activity that destroys the cell membranes. 
Fungi have cell walls consisting in part of negatively charged groups and unlike the cell 
wall of plants, is relatively impermeable except at the growing tip. Thus access to the lipid 
of the plasma membrane of fungi may not be as great as access to either bacterial 
membranes or mammalian plasma membranes leading to a loss of sensitivity to thionin 
application. 
Micro-organisms have evolved some specific defences against the action of proteins 
which act by forming ion permeable pores. Parra-Lopez et al (1994) showed the genetic 
characterisation of mutant Staphylococcus aureus strains that were hypersensitive to the 
application of a range of mammalian defence proteins called defensins. Defensins form 
cation selective channels in bilayers and are responsible for the majority of the killing 
power of killer Tcells under anaerobic conditions. One group of the hypersensitive mutants 
were deficient in components of a high capacity K+ pump. This human pathogenic 
bacterium had adapted to the attack of these proteins by the ability to pump large 
amounts of K+ into the cell to regain cellular equilibrium. 
11 It has been proposed that melittin kills cells in two ways, via ion permeable pores at low I concentrations and bilayer destruction at high concentrations (Terwilliger, Weissman and 
Eisendberg 1982). Melittin is an anion specific pore forming protein from bee venom that 
is highly haemolytic, it has a lower IC50 against V. dahliae than does f3pth ( data not 
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shown). Magainins have some specificity towards different cell types and are not 
haemolytic (Matsuzaki et al 1994). The measured pore parameters for ~pth are 
intermediate between these two types. While ~pth does destroy bilayers at high 
concentration, no measurements on haemolytic activity are known for this toxin. The 
Pyrularia thionin does cause haemolysis at concentrations slightly greater than those 
required to kill cells (Evans et al 1989, Vernon and Rogers 1992a, Osorio e castro et al 
1989) and appears to bind directly to the lipid bilayer (Vernon and Rogers 1992b). It is 
probable that ~pth and thionins in general have a mode of action that is more like that of 
melittin than that of magainin, being haemolytic as well as pore forming. 
The previous report that thionins do not form ion conducting pores (Thevissen et al 1996) 
is in conflict with the results that are presented in this chapter. However the differences 
can be reconciled by taking into account their experimental methods and an assumption 
they have made in interpreting their data. Thevissen et al 1996 used bilayers containing 
PS as this study does, but they used symmetric KCI solutions on either side of the bilayer. 
From the earlier discussion on the Nernst equation this would mean that they were unable 
to determine ion selectivity. They observed spiky upward openings at negative potentials 
similar to those seen in figures 5.1 and 5.3 and go on to interpret this as binding to the 
bilayer but not pore formation. They assumed that an ion conducting pore must act in the 
"classical" square opening for it to be an ion conducting pore. This assumption is flawed 
for two reasons. Firstly these proteins are toxins and would not necessarily behave in a 
similar manner to large proteins that are part of the normal function. Secondly the ion 
conducting pore behaviour of thionin in a bilayer is dependent on the bilayer composition 
and in nonPS containing bilayers it does show "classical" square openings (figures 5.3 
and 5.4). Thus there is no real conflict between the two sets of data, merely a difference in 
interpretation and in this study an extension of experimental design . The biological effects 
of adding thionin to fungal cells is consistent with the assertion that their toxicity is 
mediated by pore formation in that there is rapid leakage of K + from the cell and a drastic 
reduction of the \JI. 
5.4.6 Physiological and toxicological implications of thionin application 
5.4.6.1 Non specific effects of thionin application to cells 
There are several observed effects of thionin application that are not consistent with the 
view of ion permeable pore formation killing cells. However they are in turn unable to 
explain the majority of activities and inhibitions and lethalities shown in Table 1. Thionins 
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inhibit a variety of enzymes including papainase, gus, npt2, and ribonucleotide reductase. 
The enzymes that have been used are not essential metabolic enzymes (with the possible 
exception of ribonucleotide reductase) nor are they involved in secondary signal 
transduction. The physical and chemical properties of the thionins suggest that the 
inhibition occurs because the thionins are basic, amphipathic proteins. This amphipathicity 
means that thionins could physically interact detrimentally with other proteins through 
II: hydrophobic and electrostatic interactions. Thionins could tightly bind to another protein 
I 
and interact with its hydrophobic core disrupting it structurally or they could bind to the 
charged surface of another protein and disrupt its function through steric hindrance or 
conformational alterations. 
A further problem with these observations is the problem of thionin accessibility. For 
example Pyrularia thionin interacts with hydrophobic core of lipid vesicles (Huang et al 
1997) and does not penetrate the cytoplasm. The flourescence emissions shift of the Tyr13 
is not time dependent and indicating the interaction with the hydrophobic core is stable. 
This reduces the possibility that thionins would come into contact with cytoplasmic 
enzymes as they appear not to leave the lipid bilayer. It is thus highly improbable that 
· thionin toxicity is mediated through the inhibition of cytoplasmic enzyme activities. 
The observation that thionin could substitute for thioredoxin and selectively link to other 
proteins via disulphide linkages in vitro is also hard to rationalise as a means of toxicity. 
Terras et al (1993) showed that reducing agents destroyed all the in vitro toxicity of 
thionins against bacteria and fungi. The kinetics of linkage show a marked pH preference 
with maxima around pH9; the pH of Czapeks broth used in chapter 4 is 5.0, or four orders 
of magnitude difference in H+ concentration and thionin activity is as potent in this media 
as in others of higher pH (Molina et al 1993). As mentioned earlier this is most probably 
due to non specific disulphide exchange processes. 
5.4.6.2 The ion permeable pore formation of ~pth explains the majority of observable 
effects of thionin application in vitro and in vivo. 
The question that follows from the in vitro data on pore formation is, to what extent would 
the ion permeable pore formation behaviour of ~pth explain the observed effects of thionin 
application? There have been many different systems used and the range of 
1
: measurements is diverse. If the primary method by which thionins kill cells is to form ion 
; permeable pores, then one would expect that the majority of effects would be explainable 
II: 
in this manner. Table 5.1 (adapted from Florack and Stiekema 1994) shows a 
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comprehensive list of known observations resulting from thionin application. Included is an 
indication of whether disruption of ion equilibrium, membrane potential depolarisation, 
calcium channel activity, or membrane disruption would cause the observed effect. 
All of measurements which simply show toxic effects of thionin application are explained 
by the formation of ion permeable pores. A cell in equilibrium with the ionic composition 
surrounding it expends approximately 30°/o of its energy turnover on maintaining that 
equilibrium, the main expenditure is on K+ import, and Na+, H+, and Ca2+ export. Any 
change in the flux of ions across the plasma membrane results in an immediate change in 
a variety of ion pumps to re-establish equilibrium. This can vastly increase the percentage 
energy expenditure on ion balance, resulting in low energy reserves in the cell and 
eventually cell death. Leakages that interfere with the Ca2+ equilibrium can be particularly 
catastrophic as the concentration of this ion regulates a large number of cellular 
processes. 
One other group of general effects can be explained by the presumed lytic properties of 
thionins. To date this has only been measured for the Pyrularia thionin, but from the 
sequence and structural homology of the thionin groups it is probably a general property. 
Melittin is proposed to have two modes of action and the relative balance between the two 
is concentration dependent (Pawlak et al 1994). Thionins could be interpreted to act in a 
similar manner, as at low concentrations they form ion permeable pores that kill cells 
through the plasma membrane and at higher concentrations they lyse the plasma 
membrane. 
In table 5.1 the effects that could be directly attributed to pore formation are marked with 
'yes', these are either the experiments which have measured only the lethal effect of 
application or have measured the leakage of ions into/from the cell. Once the plasma 
membrane is depolarised, ion pumps that are maintained energetically through the 
membrane potential will cease functioning and allow the leakage of ions from/into the cel l. 
The depolarisation of the membrane would result in the rapid hydrolysis of ATP by plasma 
membrane ATPases and ion pumps. This effect would explain the inhibition of translation 
observed in BHK cells , the inhibition of translation (Carrasco et al 1981) and the lack of 
sugar incorporation in yeast cells, after thionin application (Okada and Yoshizumi 1973). 
All of these processes are dependent on the energy state of the cell and would be 
inhibited by any action which led to the decrease in cellular ATP. The contraction of 
muscle fibre (Evans et al 1989) could also be explained by the depolarisation of 
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muscle/nerve plasma membranes as depolarisation is the normal signal for muscles to 
contract. 
The leakage of small ions would be observed early in the toxic action of the thionins as it 
results from the direct effects of thionin application. The loss of larger molecules such as 
hormones and proteins may be explained by eventual membrane leakage that is a part of 
cell death. Alternatively, if all thionins are lytic, then this may also be a function of this 
activity directly breaking down the plasma membrane at high concentrations. This leakage 
of macromolecules would be have a lag time relative to the leakage of small molecules at 
low thionin concentrations where pore formation causes cell death. At high thionin 
concentration leakage of large molecules would be simultaneous with small molecule 
release because of the loss of plasma membrane integrity. 
There is a group of effects in table 5.1 that are marked with an asterisk (*). These are the 
effects that can be explained by secondary consequences of thionin induced pore 
formation . The easiest one to explain in this manner is the activation if PLA2 in fibroblasts . 
This is an enzyme activity that is sensitive to the concentration of Ca2+. Th ionin application 
causes changes in this ion and a signal cascade involving PLA2 would be a logical 
extension of thionin induced changes in [Ca2+]. 
5.5 Conclusion 
The observation that ~pth forms ion permeable pores is significant in that it explains the 
majority of observed effects of thionin application. The pores formed are cation selective 
and this correlates well with the observed leakage of K+ from the cell after thionin 
/I, application. The depolarisation of the membrane potential would be the immediate, 
,~: 
,., 
predicted effect resulting from thionin induced pore formation and this has been observed 
in two systems (Thevissen et al 1996, Evans et al 1989). 
The pore forming behaviour in artificial bilayers also explains why the search for a specific 
cell surface receptor has not been successful because thionins bind directly to the surface 
of the lipid bilayer. The modulation of the pore behaviour by the lipid composition of the 
bilayer and the rectification of pore conductance indicates two potential methods which 
could modulate thionin toxicity towards different cell types. 
The observations presented in this chapter leave questions that need further research to 
answer. The first is to what extent is tyr13 involved in the ion conducting mechanism? The 
iodination data for Pyrularia thionin and ahordothionin, and sequence homology among 
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toxic thionins tends to suggest a key role for tyr13 in toxicity. Chemical modification of this 
residue by iodination or nitrosylation and analysing the ion conducting ability of the 
modified proteins may provide some answers to this question. Alternatively modifying the 
protein sequence by mutagenesis may be able to answer the question in a more precise 
fashion. 
The structure of f3pth in the lipid bilayer is currently unknown, this would be of great 
interest because few of the small toxins have structures that are known in the lipid phase. 
The important question here would be how many protein units make a single pore and 
what is the composition of each of those units? 
The potential of thionin co-operativity raises more issues, to what extent are they co-
operative, and what is the interaction which allows co-operative and perhaps co-ordinate 
action? 
Thionins are a fascinating class of plant toxin that will provide us with many insights into 
how plants have evolved to protect themselves against microbial pathogens and the 
techniques developed here will generate much new knowledge into their mode of action. 
[Note: One examiner requested a diagram of the experimental apparatus used in this 
experiment. 
Bilayer is painted here 
Amplifier 
c1s trans 
Negative controls were not provided for these experiments because it is no longer 
necessary to show what a non conducting bilayer looks like. The conductance is 
extremely low i.e. in the femptoamp range. The measurements made in this experiment 
are in the order of 1-1 OOpA. The buffers used in this experiment do not result in 
conductance alterations in bilayers (water and citric acid). The papers refered to in this 
text have not provided negative controls. Another examiner wanted to see a BSA control. 
BSA binds free fatty acids and these compounds are capable of forming ion channels 
themselves and hence are not suitable control proteins. 
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Two examiners thought that this chapter was well written, showing good familiarity with 
the literature and that it was well referenced. A third examiner thought that it was difficult 
to follow and poorly referenced. The difficulty in presenting this thesis was to try and 
present a reasonable explanation of disparate fields without boring those people familiar 
with the field. 
Positive controls were not presented because similar proteins are well represented in the 
literature (over 200 papers in the last 5 years) of which a selected number of articles are 
referenced in the text. A methodological consideration was the wish to be certain that the 
data presented here could not, under any circumstances, result from contamination from 
the positive controls. One examiner could not determine if the conductance of the bilayers 
was due to noise or not. What is commonly called electrical noise is also referred to as 
'white noise'. The average of white noise over time is zero, the conductance alterations 
shown in this chapter do not average to zero over any time period. 
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Table 1 
I Thionin 
I Type 
I 
II 
Ill 
Effect Explained by 
channel activity 
Toxic to mice, guinea pigs and rat intravenously Yes 
Inhibition of papainase No 
Inhibition of Yeast fermentation in both intact cells and Yes 
protoplasts 
Inhibition of sugar incorporation, leakage of K+, P042-, Yes 
protein and nucleotides from yeast cells in vitro 
Induction of leakage of cytoplasmic proteins and Mg2+ Yes 
from Bovine adrenal medullary cells in vitro 
toxic to Manduca sexta upon injection into the Yes 
Haemocoel 
Depolarisation of flight muscles cells in M. sexta Yes 
cytotoxic for A-31 and BHK cells Yes 
Inhibition of translation in Hamster BHK-21 and Monkey Yes 
CV1 cells in vitro leakage of 86Rb+ 
Ehibition of thioredoxin activity No 
Inhibition of aamylase activity No 
Inhibition of rabbit reticulocyte and Wheat germ cell free No 
protein synthesis 
Reduction by wheat seed Thioredoxin activity in vitro and No 
inhibition of ribonuclease reductase activity 
Release of Arachidonic acid from cultured mouse Yes 
fibroblast cells 
cytotoxic to human umbilical vein endothelial and skin Yes 
muscle fibroblasts in vitro 
Toxic to cultured tobacco protoplasts Yes 
cytotoxic to murine 816 melanoma and Human Hela Yes 
cells in vitro 
Toxic to mice upon interperitoneal injection Yes 
Haemolysis of human red blood cells No 
Depolarisation of mouse P388 plasma membrane and Yes 
Frog Sartorius muscle in vitro 
activation of Phospholipases in cultured mouse fibroblast * 
cells and human erythrocytes in vitro 
release of free fatty acids from cultured mouse fibroblast * 
and human erythrocytes 
release of prolactin and growth hormone from rat * 
pituatary 
Liberation of aracindonate from rat pituatary cells in vitro * 
Activation of phospholipases in culture mouse fibronlasts * 
and human erythrocytes 
Bradycardia, negative inotropic effect on heart, Yes 
vasoconstriction of vessels of cats upon injection 
Non random binding to DNA No 
Cytotoxic to human KB and Hela cells in vitro Yes 
inhibition of translation in BHK-21 cells in vitro Yes 
Toxic to mice upon injection Yes 
Release of Arachidonic acid from cultured mouse * 
fibroblast cells 
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Figure 5.1 
Effect of switching from -80 to 80mV for NaCl solutions 
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Shown here are thionin induced transmembrane ion currents at negative potential 
and the behaviour of the currents at when switched to positive potential for NaCl 
and KCI solutions in PS:PE:PC 2:2: 1 bilayers. The two curves represent 
typical results from PS containing bilayers. This effect was not observed in non PS 
containing bilayers (see figures 5.4 and 5.5). The deviation of the trace from zero 
indicates current flow across the bilayer, it does not occur in bilayers without added 
protein. The Y values on the right show the level expected for zero conductance i.e. 
no pore activity (2000ms+ in panel A). The spike after switching indicates the 
instrumentation resetting to the new potential. 
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Figure 5.2 
IN Plot for~ -purothionin for NaCl 
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Current-voltage relationships in NaCl (A) and KCI (B) solutions. Current was 
measured as an average over 1 Os while the voltage was held constant. The 
solutions contained 1 OOmM and 1 OmM of either KCI or NaCl in 1 OmM MES 
pH6. The measurements stop above 40mV because usually the channel 
activity stopped above this potential (figure 5.1 ). The reversal potential 
was approximately 25mV for both NaCl and KCI. The KCI figure shows an 
uneven curve because with this salt the current flow is less and the 
conductance is not as regular as with NaCl. 
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Figure 5.3 
Current flow in a PS:PE:PC Bilayer at -80mV 
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Current Flow in a PE:PC Bilayer at -80mV 
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These two traces show the different behaviour of current flow/pore activity 
in bilayers of different composition. The protein concentration is the same in 
both instances. The "square" openings like the indicated one are common in 
the non PS containing bilayer but almost non existent in the PS containing bilayer. 
The time scale is expanded from that shown in figure 5.1 
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Figure 5.4 
Current Flow in a PE: PC Bilayer at -80mV 
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The traces for this figure were recorded in much the same manner as figure 5.1 , 
however the PS was omitted from the lipid mixture. There was no step to zero 
current as seen in figure 5.1 and upward openings like the one at +80mV continued 
for minutes. The lower figure has not been corrected for the long term base level , 
in this recording there were occasional discrete closures to true zero. The upper 
figure has been corrected for this to show the actual height of an individual 
pore opening. The time scale is expanded from that shown in figure 5.1. 
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Figure 5.5 
IN Curve for ~pth in a PE:PC Bilayer 
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Current was measured as an average of the current flow in the three 
largest openings at a given potential. The solutions were 1 OOmM and 
1 OmM NaCl in 1 OmM MES pH6. Channel activity was observed above 
40mV in this bilayer composition, the values do not extend below -80 
because bilayer stability was impaired below this potential. The reversal 
potential was approximately 35mV an similar value to the PS containing 
bilayer in figure 5.2. 
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Figure 5.6 
Current in the absence of added 
Calcium 
500 1000 1500 
Time ms 
Current change in the presence of 
1 OmM Calcium 
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To investigate the effect of adding Calcium to an active bilayer, 
concentrated CaCl2 was added to a final concentration of 1 OmM while the 
bilayer was held at a constant potential of -80mV. The two traces are from 
the same experiment and show the current trace before Ca2+ was added 
and approximately 30s after the bilayer was stirred. The break in the current 
trace is to show that this was not a temporary cessation of activity because 
activity did not reappear for 1 Omin. Reversal of this inhibition was not 
achieved by adding EGTA to 12mM(final) even after 1 hr at -80mV. 
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Discussion and Conclusion 
6.1 Augmentation of plant defence against pathogen challenge 
When a crop plant becomes susceptible to pathogen infection the conventional response 
is to find a naturally occurring resistance gene and breed this resistance trait into existing 
agronomically robust cultivars. This approach is limited to those genes that are able to be 
introduced by traditional breeding practices and must come from within the species or 
from hybridisable relatives. This approach can be time consuming as the introgression of 
desirable characters is often associated with undesirable ones. Suitable genes are not 
always available within the existing gene pool and depending on the nature of the 
resistance interaction may have short lived utility . 
A second approach is to use transgenic technology to transfer genes into plants encoding 
products that may help resist pathogen attack. The limiting step using this technology is 
the identification of useful genes and meeting regulatory requirements to allow commercial 
release of the product particularly with crops destined to be consumed as food . 
While there is no species limit as to the source of genes for biotechnology, the limiting 
· factor is the knowledge of what genes may be useful in planta and achieving sufficient 
levels of expression without impacting on plant performance. To date most interest in 
genes for increased pathogen resistance has been focused on the genes which are 
normally up regulated in plants upon pathogen infection. Termed the PR (Pathogenesis 
response) or Pathogen related proteins (Linthorst et al 1989, Linthorst 1991) these genes 
code for proteins thought to increase a plants resistance to infection (Linthorst 1991 ). The 
genes have been divided into several classes and sub-classes on the basis of their 
sequence, but some of these genes have unknown functions. These genes have not 
produced useable resistance to pathogen infection in transgenic plants (Linthorst et al 
1989) and other sources of resistance genes must be explored. 
To increase a plant's resistance to pathogen attack a transgene must alter the plants 
existing response to the pathogen. One way to increase the inducible defensive response 
of the plant is to transfer a gene that allows the plant to recognise invasion of a pathogen. 
Where plants are able to recognise the entry of a pathogen they can alter the expression 
of a range of genes which result in the death or isolation of the pathogen (Linthorst 1991 ). 
The pathogen entry site is sealed by the death of plant cells surrounding the entry site and 
a change in cell wall structure by cells around the necrotic lesion preventing further 
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mobilisation of infectious propagules (Linthorst 1991 ). An example of this approach is the 
transfer of cloned resistance genes such as the C-/9 gene into tomato (Hammond-Kosack, 
Jones and Jones 1994), giving plants resistance to all Cladosporium fulvum races 
expressing the Avr9 avirulence gene. While this resistance is total, it is only effective 
against those fungal races expressing Avr9 and is similar to the conventional breeding 
approach in that the genes used are the same and limited by the rate at which new 
pathogenic races arise. 
An alternative is to use genes which are either toxic or produce products that are toxic to 
pathogens. This would increase the constitutive defence of the plant and prevent the 
successful initial colonisation of the plant or slow the spread of the pathogen to allow 
induced defences to control the infection. To be effective the protein or product must 
come into contact with the pathogen and must be capable of controll ing pathogen growth 
at expression levels achievable in transgenic plants. This study investigated the potential 
of two genes for inclusion in crop plant genomes to confer protection against pathogen 
attack. 
The thionin family is a group of protein toxins that are found in many plant families in both 
Monocotyledonae and Dicotyledonae (Garcia-Olmedo et al 1989).The role of thionins in 
vivo is still being debated (Bohlmann 1994, Florack and Stiekema 1994, Vernon 1992) , 
but it is probable that one of their functions is as part of a constitutive defence against 
pathogen attack in certain species. Of the many thionin variants, beta-purothionin (f3pth) 
from wheat endosperm (Terras et al 1993), is one of the most toxic in the family and was 
used for this reason. 
The Arabidopsis lipid transfer protein 1 (AL TP1) is a small basic cysteine rich antimicrobial 
protein toxin (Segura, Molina and Garcia-Olmedo 1993). It is only a poor carrier of lipid 
and is located in the extracellular matrix associated with the plant cell wall. This makes it 
unlikely that the protein would play a role in the de nova movement of lipid within the cell, 
its location is well placed to come into early and intimate contact with any pathogen. 
Although less toxic than the thionins, there is strong evidence that L TP's act 
synergistically with them in vitro (Terras et al 1993) and were chosen for this reason . 
6.1.1 Expression of AL TP1 and f3pth in transgenic tobacco 
Tobacco plants transformed with both AL TP 1 and f3pth genes were phenotypically normal. 
The AL TP1 plants were made first and homozygous lines selected. The f3pth 
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associated with the construction of an expression cassette to be used in testing resistance 
to pathogen infection. Instead, plants expressing the ~Hordothionin gene from barley 
(Hernandez-Lucas et al 1986), made earlier by Julia Charity (1996), were used. 
6.1.2 Pathogen resistance of transgenic plants 
Homozygous transgenic tobacco plants expressing either the AL TP1 gene (1.1 O and 1.5) 
or ~Hordothionin (Th 13) are more resistant to the infection by the bacterial pathogen 
Pseudomonas solanacearum than are control plants. The degree of reduction of infection 
differed, with the AL TP1 line 1.10 giving a 38°/o reduction in infection compared to 20°/o in 
the Th13 line. From the in vitro antifungal/antibacterial assays presented in section 
4.2.4.1. the P. solanacearum strain used in these studies is at least partially resistant to 
thionins and this may explain the lower tolerance obtained with ~hth expressing plants. 
Alternatively, with the thionins being targeted to the vacuole and the L TP to the cell wall, it 
may be the direct and timely contact with the pathogen is the important condition to be 
met. The thionins may be able to exert an effect only after a plant cell is lysed by the 
bacterial infection and this may then be at too late a stage to effectively control pathogen 
proliferation. 
The data from the single experiment with transgenic plants expressing both transgenes 
was extremely encouraging. The experiment testing pathogen resistance between the 
crosses was performed on heterozygous plants. The double heterozygous transgenic line 
expressing both the ~Hordothionin and AL TP1 reduced infection by 37°/o relative to the 
controls. In this particular experiment the heterozygous plants expressing single 
transgenes do not have mean infection rates significantly different from the controls, while 
as homozygotes both plant lines show significant effects on infection rate. This indicates 
that expression level of the transgene is a critical determinant for the control of pathogen 
infection. The greater degree of control of the plants expressing both transgenes 
compared to plants expressing one transgene indicates that there is probably an 
interaction between the proteins in planta. More trials need to be done to determine the 
exact nature of this interaction. The infection rate in this experiment was low 46°/o 
compared to other experiments where 70-95°/o of control plants became infected. This 
lower rate of initial infection means that differences between populations are more difficult 
to identify and so tests with higher infection rates are needed. Experiments using 
homozygous plants for the two transgenes would be a valuable test of the interaction 
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between the genes, but this will have to be done in the future. The homozygous plants 
expressing single transgenes show partial control of pathogen infection on their own and 
this would allow the more accurate determination of any enhancement of infection control 
achieved in the double transgenic plants achieved through higher levels of expression. 
i Thus the level of infection control achievable for a double transgenic plant expressing both 
I 
! thionin and L TP protein appears very promising. If the effect is only additive there is scope 
i 
JI: for over 60°/o reduction in infection. If the effect is synergistic, then a greater reduction in 
Ii 
'I 
I 
;I 
r 
/11 
/11 
infection may be attainable and this might give excellent control of pathogens more 
susceptible to the two proteins than P. so/anacearum. 
One of the potential areas where such an increase in protection may have promising 
application is for the control of Boll rot (Xanthomonas campestris pv ma/vaecearum) in 
Gossypium barbadense. This is a sister species to G. hirsutum that is sensitive to boll rot 
and is not grown in large areas of the Australian cotton growing region because it lacks 
resistance to this bacterial pathogen. If the proteins studied can halt the growth of this 
pathogen then it may be possible to extend the area cultivated in Australia, bringing higher 
prices for higher quality cotton. 
If the level of control observed in tobacco can be repeated in cotton, with its particular 
pathogens, then the cotton industry will have significantly reduced disease problems. In a 
bad Verticil/ium wilt year 30o/o of the yield may be lost, equating to $400-600 million in lost 
earnings across the entire cotton growing region. If the two transgenes are able to reduce 
this figure by the 40% observed in transgenic tobacco, then there is potential for a large 
agronomic benefit. Additionally the growth of seedlings can be affected by root pathogens 
such as Rhizoctonia so/ani and Pythium sp. and control of these diseases may also help 
in stand establishment. 
The transgenes are being transferred into cotton but the transgenic plants will not be 
available to evaluate for another year or two 
6.2 Thionins form ion permeable pores through lipid membranes 
An interesting offshoot of my studies on using thionins as defence genes has been to 
unravel the mechanism by which these small basic proteins exert their toxic effects on 
fungi and bacteria. 
In any mode of action study the toxin of interest must be highly purified to prevent 
observations being complicated by contaminants. Otherwise it is possible for small 
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amounts of highly active contaminants to be the real toxic agent. In chapter 4 the purity of 
the ~pth preparation used in this study was tested in two ways. The first was by SOS-
PAGE and staining with SYPRO-RED, which showed that the preparation was free from 
high (>1 OKda) contaminants and enabled the estimate of >99°/o purity for the preparation 
(section 4.3). The second method used was that of mass spectrometry, which 
demonstrated that the ~pth preparation was free from other thionin variants and that low 
molecular weight contaminants were absent (figure 4.5). The successful purification of 
~pth to high purity means we can confidently attribute the biological properties of the 
preparation to ~pth. 
The toxicological mode of action of thionins has been the matter of great debate over the 
course of many years (Bohlmann 1994, Florack and Stiekema 1994, Vernon 1992, Pineiro 
et al 1995). The observable effects of thionin application to cells are varied and the 
confusion is compounded because of the many cell types and systems that investigators 
have used (Florack and Stiekema 1994). A protein may have multiple effects on cells, 
however it is more likely that the protein exerts a single effect, albeit one having far 
reaching consequences for the cell. The observation presented in chapter 5 that ~pth 
forms ion permeable pores in artificial bilayers does have far reaching implications for 
cells treated with this protein, if pore formation of a similar kind occurs in vivo. Pore 
formation by thionins explains most of the observed effects of ~pth on both eukaryotes 
and prokaryotes. 
Much of the energy expenditure of a cell is spent on the maintenance of the ion gradients 
that exists across the plasma membrane. Any agent that interferes with the maintenance 
of this equilibrium can be toxic, for instance many protein toxins either form ion channels 
( eg 8 endotoxin from Bacillus thuringiensis) or block existing channels on the plasma 
membrane (eg conotoxin). The disruption of the ion equilibrium across the plasma 
membrane would result in a large number of changes to the metabolic state of a cell ( for 
a summary see figure 6.1 ). A cell that has lost its membrane potential (\Jf) will expend a 
great deal of energy attempting to regain the ionic balance associated with resting 
membrane equilibrium. This leads to a gradual loss of energy reserves in the cell. Under 
conditions of extreme energy drain, processes such as translation and transcription would 
slow, nucleotide and amino acid synthesis would stop, to enable the cell's energy reserves 
to be available to the ion pumps. This is why thionin application can alter such a variety of 
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cellular processes in cells; this single action has far reaching consequences for the overall 
metabolic state of the cell. 
The formation of ion permeable pores has not previously been demonstrated for small 
basic toxins from plants. However there are many peptide antibiotics from bacteria, 
insects, frogs and mammals that have been shown to form ion permeable pores through 
lipid membranes eg nisin (Harris, Fleming and Klaenhammer 1992), mellitin (Pawlak et al 
1994), magainin (Ludtke et al 1996) and eosinophil cationic protein (Young et al 1986) . All 
are basic amphipathic helical proteins which act through the formation of 'non classical' 
irregular opening, voltage modulated, weakly ion selective pores through lipid bilayers 
similar to those demonstrated here for thionins. 
There are small differences in the selectivity of these proteins for different membranes, eg 
magainin is weakly selective for tumour cells over normal mammalian cells and mellitin is 
haemolytic as well as forming anion selective channels. The thionins show a similar 
toxicological mode of action to mellitin in that they are both pore forming proteins that are 
also haemolytic. It is unlikely that the thionins are as strongly haemolytic as mellitin 
because Vernon and Rogers (1992b) showed that some erythrocytes are resistant to 
haemolytic attack by pyrularia thionin. Haemolysis is the release of haemoglobin from red 
blood cells from the lysis of the plasma membrane, it is a measurement widely used to 
show a proteins general ability to disrupt membranes. 
There are a number of consequences that arise from the apparent dual nature of thionin 
killing. If a protein toxin acts only through the formation of pores, then a concentration 
should be reached where further addition of protein does not speed the rate of cell death . 
This comes from the upper rate at which the cells energy reserves are being drained by 
their ion pumps' efforts to regain equilibrium. Once the leakage of ions through the plasma 
membrane, from toxin induced pores, exceeds the ability of the ion pumps to transport 
those ions out of the cell, death will take the same time regardless of toxin concentration. 
However if the toxin is also haemolytic, then the rate at which cells die will not show this 
plateau because as the concentration of protein rises, cells lyse as well as die from energy 
drain and so an upper limit is not reached. The time to cell death and the thionin 
concentration would be related above a threshold level of thionin required to kill a cell. 
One consequence would be that the leakage of high molecular weight cellular 
components would occur with a shorter lag time from increasing concentration of thionins. 
Measurements of this effect in the future could be made in two ways; first through the 
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leakage of fluorescent dyes from cells which are only able escape from cells when the 
membrane has been compromised and through the exclusion of dyes which are only able 
to enter cells with damaged membranes. Carboxyflourescein is an example of a 
flourescent dye used in similar studies and trypan blue exclusion is a traditional method 
for determining cell viability that could be applied to further investigate the mode of action 
of thionins. 
6.2.1 The role of calcium in thionin toxicology 
One of the predicted effects of depolarising the plasma membrane would be that there 
would be an influx of calcium ions into the cell. This has been measured for Pyrularia 
thionin with erythrocytes (Vernon and Rogers 1992b) and the Ca influx is inhibited by 
nickel ions which block Ca channel activity. The examination of ion fluxes by Thevissen et 
al (1996) concluded that this does not occur for inhibitory concentrations of aHordothionin, 
a result which is not consistent with the depolarisation of the plasma membrane observed 
in that study. However, at inhibitory concentrations of thionin the internal stores of thionin 
may be released, to buffer any changes in cellular Ca levels. This experiment could be 
repeated in the presence of thapsigargin, an inhibitor of Ca release from internal 
compartments and this might show that influx of Ca is sustainable under these conditions. 
6.2.2 Thionin interaction with lipid bilayers 
As f3pth forms ion permeable pores through bilayers, the question that arises is how it 
accomplishes this. In Appendix 1 are three views of the f3pth three dimensional structure. 
The helices that are apparent are not long enough to span the lipid bilayer being only 
13amino acids long. However it is known that thionins associate to form head to head 
dimers in solution and a dimer could span the bilayer (Teeter et al 1990, Ozaki et al 1980) 
so it is probably the dimer that is the active unit of insertion into the membrane. The ion 
conducting pore could be made from a higher order aggregate of this dimer. 
To form a pore through a bilayer, the protein must first associate with the lipid bilayer. The 
protection of cells from the lethal effects of thionins by di-valent cations and the complete 
inhibition of pore activity after calcium addition, is an indication that the charge on the 
membrane surface is important in the interaction. If the mode of Ca2+ inhibition is the 
screening of charge then doubly charged organic amines should inhibit the toxic action as 
well. The chemical modification of thionins by Wada et al (1982) showed that acylation of 
the amino groups with succinic or acetic anhydride prevented the modified thionin from 
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killing yeast cells. The first step of the formation of a thionin pore is thus most likely the 
electrostatic association of the protein with the lipid bilayer. 
Lipid added to thionin solutions is bound by the protein. In some cases, this binding is very 
tight and washing with organic solvent does not remove the bound lipid (Garcia-Olmedo et 
al 1989 and section 4.2). This tight binding would favour the association of thionin with the 
lipid bilayer as a preliminary step before any ion conductance could occur. 
The lytic activity of thionins at higher concentrations can only be explained if the protein is 
able to span the lipid bilayer. Membrane lysis is essentially the de-stabilisation of lipid 
bilayer in solution and to do this the protein must be able to interact with the hydrophobic 
lipid tail groups. The observations of Huang et al (1997) , show that the Pyrularia thionin 
does interact with the hydrophobic core of lipid vesicles and that this association is very 
strong. So after initial electrostatic attraction and binding to lipid the thionin molecules 
must insert into the hyrdophobic core of the bilayer. 
6.2.3 Ion conduction through thionin generated pores 
From the experiments of Wada et al (1982) and Fracki et al (1992) the chemical 
modification of the tyrosine at position 13 in aHordothionin and Pyrularia thionin 
respectively, has a marked effect on the toxicity of the protein . For both the thionins 
iodination of the tyrosine eliminated toxic activity. The study by Wada et al (1982) was 
particularly interesting as they nitrosylated the tyrosine causing a reduction toxic activity 
down to approximately 30°/o of the unmodified toxin. The alteration of the toxicity may be 
due to steric hindrance of the nitrosyl and iodo groups. Evidence that it is a steric 
hindrance to ion entry may come from the measurement of the pore forming properties of 
chemically modified l3pth, which were not completed in time to be included in this thesis . 
From Appendix 1 it can be seen that the tyrosine group is at the approximate centre of a 
hydrophilic bowl and the addition of another functional group in the region would reduce 
the size of the bowl. The studies of Fracki et al (1992) showed that iodinated thionin was 
able to competitively inhibit the action of native thionin and compete for the same binding 
site on the membrane. This adds further strength to the argument that the modified 
protein is unable to conduct ions through steric hindrance. From these data I would predict 
that the pore would form from the close association of hydrophilic bowls from adjacent 
dimers and that the ion would 'hop' between one dimer and the next in its passage across 
the membrane, as a head to head dimer does not have adjacent hydrophilic bowls. The 
remaining faces of the molecule are either highly positively charged , which would prevent 
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the cation ever entering the pore, or are hydrophobic and thus would preferentially 
associate with the lipid interior. 
Any inference drawn about the structure of the pores made by thionins in lipid bilayers 
must be entirely speculative at this stage. Some inferences can however be drawn from 
the proposals for other peptide pore forming proteins. As thionins are cellulytic it is 
probable that they act in a similar manner to mellitin and alamethicin, rather than magainin 
which is not lytic (Ludtke et al 1996). For mellitin and alamethicin, dimers are 
hypothesised to span the hydrophobic core of the bilayer. The actual number of dimers 
that associate to form the pore is not known and can only be inferred by other 
means(Ludtke et al 1996). 
One important measurement that can be made is the angle at which the protein lies 
compared to that of the bilayer. Arrangements for this measurement to be performed have 
been made, but experimentation has not yet commenced . 
6.3 Concluding remarks 
In summary this study was to assess the potential of thionin and L TP genes to protect 
plants against pathogen infection. The L TP chosen was the Arabidopsis L TP1 and 
transgenic plants expressing this gene reduce the successful infections of P. 
solanacearum relative to control plants by 40°10. This is the first time that resistance 
mediated by expression of an L TP gene has been reported. The ~Hordothionin expressing 
plants used in this study were transformed by Julia Charity and showed a 20%> decrease 
in infection rate relative to control plants. 
To investigate the potential of plants expressing both the ~hth and AL TP1 gene, plants 
expressing the transgenes were crossed. The seedlings resulting from this cross reduced 
infection by 40°10 relative to control plants and the seedlings heterozygous for the single 
transgenes showed no decrease in infection rate. This is the first evidence that the 
synergy observed in vitro is possible in planta. The potential for these genes as mediators 
of pathogen resistance is excellent and efforts to assess their potential in cotton are 
underway. 
The efforts to unravel the confusion surrounding how thionins kill cells resulted in the 
observation that ~pth forms cation selective, voltage modulated, ion permeable pores 
through lipid bilayers . This observation explains the majority of the effects observed for 
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thionin application and may allow both the rational improvement of their activity and the 
extension of knowledge of ion permeable pores in lipid bilayers. 
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Appendix 1 ~pth structure 
The traditional view of thionin structure. This shows the structure of beta purothionin with 
the promonent helix loop helix stem and antiparallel beta sheet structure near the C and N 
termini. The tyrosine mentioned in Chapter 5 and 6 as being potentially important in the 
toxicology of this protein is shown in black for emphasis. Hydrophobic resisdues are 
shown in red and hydrophilic in blue. 
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A space filling representation of ~pth structure. The scale on the right is for the relative 
hydrophobicity of the amino acids. Note that the concentration of hydrophobic resisdues 
on the lower face of the view. This is the part of the protein that presumably interacts with 
the core of the lipid bilayer. The environment of the phenylalanine (bright red) in the upper 
section is particularly interesting, the functionality of this positioning is unknown. 
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A view of ~pth showing the environment of Tyr13 . Modification of this residue in any way 
reduces the toxicity of the protein. As this residue is in a hydrophilic bowl or channel it is 
probable that the modifications restrict ion movement through steric hindrance. 
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